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ABSTRACT
COMPUTATIONAL RATIONAL DESIGN OF ELECTROCATALYSTS FOR
ELECTROCHEMICAL AMMONIA AND HYDROGEN SYNTHESIS
FEBRUARY 2022
AKASH JAIN
B.TECH., INDIAN INSTITUTE OF TECHNOLOGY KANPUR
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Ashwin Ramasubramaniam

The electrochemical hydrogen evolution reaction (HER) and nitrogen reduction reaction
(NRR) offer fossil-fuel-free routes for hydrogen and ammonia synthesis, respectively.
However, currently, both processes lack suitable electrocatalysts for practical applications.
Thus, this dissertation focuses on the computational rational design of HER and NRR
electrocatalysts.

HER is most efficiently catalyzed by platinum (Pt), which is expensive. To reduce the
catalyst cost, we investigate core-shell nanoparticles of inexpensive tungsten-carbide (WC)
and Pt (WC@Pt). Using first-principles density functional theory (DFT) calculations, we
compare the suitability of two WC phases, α-WC and β-WC as support materials for Pt
overlayers. We dope WC with titanium and examine its effects on the thermodynamic
stability and HER activity of WC and WC@Pt nanoparticles. We show that β-WC is more
suited than α-WC for stabilizing Pt overlayers, and that moderate titanium doping of WC
is an effective approach to stabilize β-WC and β-WC@Pt nanoparticles.

vii

Thereafter, we investigate molybdenum diselenide (MoSe2) for HER. The catalytic activity
of MoSe2 is limited because most of its electrochemical surface area—the basal plane—is
inert towards HER. To activate the basal plane, we examine the effect of doping MoSe2
with electron-rich transition metals (Mn, Fe, Co, and Ni). Our DFT studies show that all
selected dopants improve HER thermodynamics on the basal plane. We also find that all
selected transition-metal dopants promote the formation of HER active Se-vacancy sites in
MoSe2. Overall, our studies show that transition-metal-doping of MoSe2 is an effective
strategy to activate MoSe2 for HER.

Finally, we investigate molybdenum disulfide (MoS2) for NRR. To overcome its low NRR
activity and selectivity, we dope MoS2 with iron. With DFT calculations, we show that the
formation of iron-doped edges is energetically preferred over undoped edges of MoS2. We
show that catalytically active sulfur vacancies are more readily formed at iron-doped edges
than at undoped edges of MoS2. We show that such defect-rich iron-doped edges can
catalyze NRR at moderate cathodic potentials and we propose a new mechanism for NRR
at these sites. Our studies show that iron-doping of MoS2 is a potentially viable strategy for
producing inexpensive, active, and selective NRR electrocatalysts.
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CHAPTER 1
INTRODUCTION
1.1 Electrochemical Reactions for Chemicals and Fuels Production
In modern times, energy is a crucial part of our lives, and we only expect the energy
demand to increase with the growth in the global population and economic activities.
Currently, we meet about 80% of our energy demands with non-renewable fossil fuels such
as crude oil, natural gas, and coal.1,2 However, fossil fuels reserves are finite, and their
extensive use causes CO2 and other greenhouse gases (GHGs) emissions, environmental
pollution, and climate change. In the year 2019, the United States Energy Information
Administration (EIA) projected a nearly 50% increase in global energy consumption by
the year 2050,3 which suggests that consumption of fossil fuels will also increase with
increasing energy demands. An increase in energy demand will deplete fossil fuels reserve
faster and exacerbate the problems of GHGs emissions, environmental pollution, and
climate change.1,2,4 Hence, there is an urgent need to decrease our reliance on fossil fuelbased energy sources and increase the utilization of renewable energy sources to meet our
ever-increasing energy demands.

Renewable energy sources, such as solar and wind, are promising alternatives to
conventional fossil fuels because we can readily convert solar and wind energy into
electricity and either store the generated electricity in batteries or convert it to other forms
of energy for later use.1,5 However, both solar and wind are intermittent energy sources and
hence, they are unreliable for continuous energy supply. Besides this, often during off-peak
hours, energy generation can exceed energy demand, necessitating resources for energy
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storage to manage the excess energy and for energy conversion to recover the stored energy
when energy generation is less than energy demand.1,5

The conversion of renewable energy (electricity) to chemical energy is one of the
promising approaches to reduce our dependence on fossil fuels, especially for high-value
chemicals and fuels production because renewable electricity can readily drive
electrochemical reactions.1,5–7 Electrochemical reactions occur at the electrode (solid) and
electrolyte (liquid or solid) interface and involve charge transfer processes along with the
chemical reactions. Thus, electrochemical reactions when combined with renewable
energy sources offer a sustainable fossil-free route for producing chemicals and fuels.1,5–7

1.2 Role of Electrocatalysts
Although electrochemical reactions offer a more sustainable pathway for chemicals and
fuels production, the high operating cost and lack of suitable electrocatalysts in many cases
hinder their adoption on a commercial scale.1 Suitable electrocatalysts reduce reaction
energy barriers (energy cost) while enhancing reaction rates and desired product
yield/selectivity. Thus, electrocatalysts are crucial for the adoption and commercialization
of electrochemical processes. The lack of suitable electrocatalysts primarily results in high
energy costs, low reaction rates, and low selectivity of desired products (consequently, high
separation cost), which may then render the electrochemical process commercially
unviable compared to a conventional thermochemical process.
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Figure 1.1. Schematic diagram of a proton exchange membrane (PEM) electrochemical
cell for the water electrolysis.
In electrochemical cells (Figure 1.1) an electrocatalyst resides on the electrode and an
electrochemical reaction occurs on the electrocatalyst surface. The catalyst (adsorbent)
provides adsorption sites for reactants and reaction intermediates to react and form
products. An ideal or suitable electrocatalyst shows favorable reaction thermodynamics
(for intermediate reaction steps), high catalytic activity, and high selectivity towards the
reaction of interest. Additionally, for practical electrochemical processes, the
electrocatalyst must be inexpensive, stable, and an excellent conductor of electricity.8–11

According to the Sabatier principle,12,13 an ideal catalyst surface should bind adsorbates
neither too strong nor too weakly. Both too strong and too weak adsorbate binding is
detrimental to the catalyst’s performance because excessively strong binding leads to
catalyst poisoning and excessively weak binding results in few or no adsorbates (reactants)
on the catalyst for the reaction to occur. Therefore, electrocatalytic activity depends
primarily on the interactions between adsorbates and adsorbents, which we typically
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understand in terms of reaction (or adsorption) thermodynamics with free energy (∆G)
calculations. ∆G > 0 signifies unfavorable interactions between adsorbate and adsorbent or
unfavorable adsorption thermodynamics. In contrast, ∆G < 0 implies favorable interactions
between adsorbate and adsorbent or favorable adsorption thermodynamics. According to
the Sabatier principle, on an ideal catalyst, ∆G should be close to zero. Apart from the
adsorption properties, environmental conditions such as temperature, pressure, and
electrolyte pH also affect the electrocatalyst’s performance.14–17

In experiments,

4,18–20

we typically characterize the electrocatalyst’s performance or

catalytic activity in terms of reaction rates, overpotentials, and Tafel slopes. Reaction rates
are proportional to the current density measured during the electrochemical reaction.
Higher current density implies higher reaction rates, a faster rate of charge transfer, and a
low reaction barrier on the catalyst surface. The overpotential is the excess potential
required to drive an electrochemical reaction above the thermodynamic equilibrium
potential.21 For example, the thermodynamic equilibrium potential of water electrolysis
(2H2O → 2H2+O2) is 1.23 V under standard conditions (temperature = 298 K and pressure
= 1 atm), but in actual experiments, the water electrolysis occurs at potentials greater than
1.23 V.22,23 The excess potential supplied to the electrochemical cell above 1.23 V is called
the overpotential. Larger magnitudes of overpotential imply more wasted energy in driving
an electrochemical reaction. Hence, in addition to high reaction rates, low overpotential is
a highly desirable characteristic of a good electrocatalyst. In practice, the overpotential
mainly originates due to charge polarization near the electrode,24,25 which results in the
formation of an electrochemical double layer (EDL) at the electrode-electrolyte interface.
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The width of the EDL is generally small (approx. 3 Å

26,27

) and so, charge polarization

gives rise to a strong electric field within the EDL. Therefore, the excess potential must be
supplied to the electrode to transport reactant or product ions across the EDL. Other factors,
which cause overpotentials are the activation energy of the charge transfer reaction
(reaction energy barriers), the electrical resistance of the circuit, and concentration
polarization.24,25 Concentration polarization occurs at the electrode-electrolyte interface
when the rate of charge transfer exceeds the rate of transfer of reactant (or product) ions
from the bulk electrolyte solution. Because of the concentration polarization, the measured
current density (reaction rate) does not exceed the maximum exchange current density
(maximum reaction rate). We reach maximum exchange current density at equilibrium
when cathodic and anodic currents become equal.

The reaction rate or (current density, i) depends on the overpotential (𝜂), and the two are
related by the Butler-Volmer equation,
𝑖 = 𝑖𝑜 × [𝑒

(1−𝛼)𝜂𝐹
𝑅𝑇

−𝑒

−𝛼𝜂𝐹
𝑅𝑇

],

(1.1)

where 𝑖𝑜 is the maximum exchange current density, α is the transfer coefficient, F is the
Faraday constant, R is the gas constant at T is the temperature (in Kelvin).28 Typically, at
high overpotential, the Bulter-Volmer equation is simplified as the linear Tafel equation,
𝜂 = 𝑎 + 𝑏 × log (𝑖),

(1.2)

where a and b parameters are the y-intercept and the Tafel slope of the Tafel plot [plot of
log(𝑖) vs. 𝜂] respectively. The Tafel slope is an intrinsic property of the catalyst and it
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gives information about the reaction kinetics of the rate-determining step.4,19,29 Smaller
Tafel slopes imply faster reaction kinetics whereas larger Tafel slopes imply slow reaction
kinetics. So, a small Tafel slope is a desirable characteristic of an active electrocatalyst. To
summarize, a good electrocatalyst displays favorable reaction thermodynamics and faster
reaction kinetics (or low reaction barriers) as evidenced by a higher reaction rate, low
overpotential, and small Tafel slope.

1.3 Electrochemical Hydrogen and Ammonia Production
Hydrogen gas (H2), and ammonia (NH3) are among the most produced and widely used
chemicals in the world.4,30 Conventional processes for producing H2 and NH3 are mostly
fossil-fuel-based, consuming an enormous amount of energy and generating large amounts
of CO2 and GHGs. Therefore, we need more efficient and sustainable processes for H2 and
NH3 production to reduce our dependence on fossil fuels and curb CO2 and GHGs
emissions. To achieve this goal, the electrochemical hydrogen evolution reaction (HER)
and nitrogen reduction reaction (NRR) for hydrogen gas (H2), and ammonia (NH3)
production, respectively, have attracted a lot of attention in recent times.1,4,30 In this
dissertation, we focus on the computational rational design of electrocatalysts for these two
important electrochemical reactions.
1.3.1 Hydrogen Production via the Electrochemical Water Splitting
Uses and Production of Hydrogen gas
H2 gas is an important raw material in the petroleum, fertilizer, pharmaceutical, and other
chemical industries.19 H2 is also a clean-energy carrier because it has the highest
gravimetric energy density among all chemical fuels.31 In the hydrogen fuel cell, H2
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combustion generates a large amount of energy (electricity) with high efficiency,
producing water as a byproduct.32 Hence, H2 is a clean energy fuel for fuel cells and its
usage at a large scale can significantly reduce CO2 and GHGs emissions globally.

Currently, large-scale H2 production depends heavily on fossil fuels because we mainly
produce H2 via the natural gas reforming (NGR) process.33,34 In the United States (US)
alone, H2 production is nearly 10 million metric tons per annum and almost 95% of the H2
produced comes from the NGR.35 In the NGR process, methane (CH4) reacts with steam
to form carbon monoxide (CO) and H2 (Equation 1.3),36 at high temperatures (700°C1000°C) and high pressures (3-25 bar).
Steam-methane reforming: CH4 + H2O + heat → CO (g) + 3H2 (g)

(1.3)

Water-gas shift reaction: CO + H2O → CO2 (g) + H2 (g) + heat

(1.4)

Further to increase the H2 yield, we react CO with water vapor (the water-gas shift reaction,
Equation 1.4) to produce CO2 and H2 gases. Finally, in the last step, using the pressure
swing adsorption process, H2 and CO2 gases are separated along with other impurities.
However, the NGR process is cost and energy-intensive, and generates significant amounts
of CO2 and other GHGs. So, the NGR process is not the most sustainable process for H2
production, which then motivates the search for alternative and more sustainable routes for
H2 production.

Electrochemical water splitting (EWS) or water electrolysis is a promising alternative to
the NGR process for H2 production from water and electricity.1,4 In the EWS process,
water (H2O) is split into H2 and oxygen (O2) gases using electricity in an electrochemical
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cell (or electrolyzer). The EWS can occur under both acidic and alkaline conditions,1,4 but
to achieve higher H2 formation rates, EWS is performed in proton-exchange membrane
(PEM) based electrochemical cells under acidic conditions.37 An electrochemical cell
comprises a cathode (negative electrode) and an anode (positive electrode) immersed in an
electrolyte (liquid) solution. The PEM separates the two electrodes and selectively allows
for the flow of protons (or ions) in the electrolyte solution from the anode to the cathode.
Under sufficient applied potential, at the anode, H2O molecules react and form oxygen gas
(O2), electrons (e-), and protons (H+) via the electrochemical oxygen evolution reaction
(OER), 2H2O → O2 (g) + 4e- + 4H+. From the anode, electrons travel to the cathode via an
external circuit, whereas protons travel to the cathode through the electrolyte solution and
PEM. At the cathode, protons and electrons react to form H2 gas via the electrochemical
hydrogen evolution reaction (HER), 4H+ + 4e- → 2H2 (g). When EWS is combined with
renewable electricity (from solar or wind), a renewable and fossil fuel-free alternative to
the NGR process for H2 production becomes possible.

Hydrogen Evolution Reaction Mechanism
During the EWS, the HER mechanism at the cathode depends on reaction conditions.4
Under acidic conditions, HER (2H+ + 2e- → H2 (g)) occurs in two reactions steps via either
the Volmer-Tafel or Volmer-Heyrovsky mechanism:
Volmer Step : H+ + e- → Had

(1.5)

Tafel Step : Had + Had → H2 (g)

(1.6)

Heyrovsky Step : Had + H+ + e- → H2 (g).

(1.7)
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Usually, the first reaction, the Volmer step, which involves proton adsorption and the
formation of an adsorbed H atom (Had), is the rate-determining step. Under alkaline or
neutral conditions, HER occurs via the reaction 2H2O + 2e- → H2 + 2OH- following either
the Volmer-Tafel or Volmer-Heyrovsky mechanism. Usually, the Volmer step is, once
again, the rate-determining step:
Volmer Step : H2O + e- → Had + OH-

(1.8)

Tafel Step : Had + Had → H2 (g)

(1.9)

Heyrovsky Step : Had + H2O + e- → H2 (g) + OH-.

(1.10)

Reaction conditions also affect the HER kinetics and reaction rates. For example, under
alkaline conditions, the H2O dissociation in the Volmer step is difficult, which makes
alkaline HER kinetics sluggish (100-1000 times slower)4,38 compared to the acidic HER
kinetics.

Previous studies show that the binding energy of a hydrogen atom (HBE) on the catalyst
surface is a good descriptor of the HER activity of the catalyst.11,28,39–41 Typically, the HER
activity and the HBE are related by so-called “volcano plots” (Figure 1.2) that directly
reflect the Sabatier principle.
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Figure 1.2. Volcano plot for HER showing the exchange current densities (log(io))
plotted as a function of hydrogen binding energy (HBE). The exchange current densities
are estimated by superimposing our data for various WC@Pt structures, based on their
calculated HBEs, over the volcano plot reported in Ref. 47.

HER activity is typically obtained from experiments, while HBE values are usually
obtained from quantum mechanics-based density functional theory (DFT) calculations. In
the HER volcano plot (Figure 1.2), the peak shows the maximum HER activity and
corresponding optimal HBE value. Catalysts that have HBEs close to the optimal HBE
values bind H atoms neither too strong nor too weakly and so, they show higher HER
activity in accordance with the Sabatier principle.
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HER catalysts
Among various HER electrocatalysts, platinum (Pt) and other Pt group metals (Pd, Ir, Ru)
are among the best catalysts with fast HER kinetics, high reaction rates, and low
overpotentials. 41,42 In the HER volcano plots, under both acidic and alkaline conditions, Pt
lies closest to the peak and is regarded as the “gold-standard” HER electrocatalyst.
However, Pt is scarce and expensive, and is therefore not a viable choice for large-scale H2
production. Moreover, Pt also suffers from several operational problems, such as catalyst
corrosion, sintering, and poisoning. 43, 44 Hence, we need alternative low-cost HER catalysts
to make HER more economically viable for large-scale H2 production.

One way to reduce the HER catalyst cost is to reduce Pt loading in the catalyst and
maximize Pt utilization while retaining its catalytic activity. 45–49 Lower Pt loading can be
achieved by using Pt-based single-atom catalysts,49 by alloying or doping Pt with earthabundant and low-cost metals such as Ni and Bi,50 or by using core-shell nanoparticles of
few-atoms thick Pt overlayers (shells) deposited on inexpensive support materials (cores)
like transition-metal carbides and transition-metal nitrides.51–54 Besides the lower catalyst
cost, another advantage of using alloying, doping, and inexpensive support materials is that
by changing alloy, dopant, and support materials we can modify the geometric and
electronic structures of adsorption sites. Thus, we can fine-tune the adsorption properties
of the catalyst and potentially enhance its catalytic activity.

Another way to reduce the cost of HER catalysts is to use inexpensive, earth-abundant, and
non-precious materials such as transition-metal carbides,55 phosphides,56 nitrides,38 and
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dichalcogenides.57 These materials are promising HER catalysts because of their low cost
and the availability of highly-active sites for HER; however, the number of HER-active
sites is usually limited. Furthermore, these materials also display lower electrical
conductivity, sluggish kinetics, lower reaction rates, and higher overpotential compared to
Pt. For example, molybdenum disulfide (MoS2), a two-dimensional transition metal
dichalcogenide, is a promising HER catalyst because of its low cost, and highly HERactive edges.9 However, these highly active edges in MoS2 form only a tiny fraction of the
electrochemical surface area of the catalyst, whereas the MoS2 basal plane which
constitutes most of the electrochemical surface area of the catalyst is inert towards HER.58
Also, HER kinetics is more sluggish on MoS2 because of its semiconducting nature and
larger reaction barriers, which result in significantly lower HER activity and higher HER
overpotential as compared to Pt.28 This shows the need to further improve the HER activity
of MoS2 and other similar low-cost HER catalysts for practical applications. In this
direction, previous studies have adopted several strategies like dopant,59–61 defect,

58,62

support,63,64 and morphology65–67 engineering to improve the electrical conductivity,
modify the electronic structure and maximize the HER active electrochemical surface area
of the catalyst.

1.3.2. Ammonia Production via the Electrochemical N2 Reduction Reaction
Ammonia (NH3) is another crucial raw material in the chemical industry and it is among
one of the most produced chemicals in the world.30,68,69 We use NH3 for producing
fertilizers, pharmaceuticals, plastics, textiles, and other chemicals. NH3 is also an
alternative carbon-free fuel for fuel cells and H2 storage. Like H2 production, current large12

scale NH3 production relies heavily on fossil fuels, mainly via the energy and cost-intensive
Haber-Bosch (HB) process.1,30,70 The HB process converts nitrogen (N2) and hydrogen (H2)
gases to NH3 over iron (Fe) or ruthenium (Ru) catalysts at very high temperatures (400500 °C) and high pressures (~ 60 bar).36 The HB process uses H2 from the NGR process,
which, as discussed earlier, also consumes an enormous amount of energy and generates
large amounts of CO2 and GHGs. It is estimated that the NH3 production via the HB process
alone consumes approximately 1-2% of the global energy supply and generates nearly 1%
of global CO2 emissions annually.69 Currently, the fertilizer industry uses about 90% of the
total NH3 production to produce fertilizers for agriculture.69 With the growth in the global
population, demand for NH3 will also rise to increase food production. So, in the future,
energy demand for the HB process will increase along with increased GHGs and CO2
emissions. Hence, there is a significant interest in exploring more sustainable routes for
NH3 production.

The electrochemical nitrogen reduction reaction (NRR) is an alternative to the HB process
for NH3 production under ambient conditions. Like HER, NRR can occur under basic and
acidic conditions.68,71 In a PEM electrolyzer (under acidic conditions), NRR and OER
occur at the cathode and anode, respectively. Under sufficient applied potential, water is
oxidized at the anode to form O2, protons, and electrons via OER (6H2O→ 3O2 + 12H+ +
12e-). The electrons flow through the external circuit while protons travel through the
electrolyte and PEM to reach the cathode from the anode. The NRR (2N2 + 12H+ + 12e- →
4NH3) occurs at the cathode in which N2 gas molecules react with protons and electrons to
form NH3 molecules. Thus, renewable electricity-driven NRR offers a fossil-fuel-free and
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renewable route for NH3 production, and its large-scale use could reduce energy
consumption, and lower CO2 and GHGs emissions.

Nitrogen Reduction Reaction Mechanism

Figure 1.3. The associative distal, alternating, and enzymatic pathways of
electrochemical NRR. Faradaic steps are connected by blue and red solid (or dashed)
arrows, and non-faradic steps are connected by black solid arrows.

Previous studies suggest that NRR at the cathode occurs through the associative
mechanism.72–74 In the associative mechanism, the N2 molecule is first adsorbed on the
catalyst surface, and then hydrogenated to form two NH3 molecules in multiple proton and
electron transfer steps via either distal, alternating, or enzymatic pathways. In all three
NRR pathways, there are eight reaction steps, two of which (the first and the last reaction
steps) are non-faradaic while the remaining six reaction steps are faradaic. Faradaic
reaction steps involve a transfer of proton and electron pairs, whereas non-faradaic steps
are purely chemical steps. In Figure 1.3, it is important to note that the orientation of the
adsorbed N2 molecule plays a crucial role in identifying the NRR pathway. NRR prefers
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the enzymatic pathway when the adsorbed N2 is in the side-on configuration and, after N2
adsorption, two N atoms are reduced alternately to form two NH3 (g) molecules. In contrast,
when the adsorbed N2 molecule is in the end-on configuration, NRR occurs via the distal
or alternating pathway. The difference between distal and alternating pathways lies in the
order in which the two N atoms are reduced. In the distal pathway, the distal N atom is
reduced to NH3 (g) first followed by the proximal N atom; in the alternating pathway, both
proximal and distal N atoms are reduced alternately to form two NH3 (g) molecules.

Nitrogen Reduction Reaction catalysts
Currently, one of the major challenges in the commercialization of NRR is that no
electrocatalyst shows high reaction rates and high yields for NRR.75 Previous studies have
investigated several catalysts including transition-metals oxides, dichalcogenides, and
nitrides for NRR.15,76–78 However, these electrocatalysts show extremely low reaction
rates, very high overpotential, and low NRR selectivity and yield. NRR is challenging
because of the highly stable N≡N triple bond and low polarizability of the N2 molecule,
which makes the N2 molecule practically inert and difficult to activate. Moreover, multiple
charge-transfer steps in the NRR render reaction kinetics sluggish, leading to low reaction
rates and high NRR overpotential. The NRR selectivity and yield are typically low at
moderate cathodic potentials because of the competing HER, which has more favorable
thermodynamics than NRR. So, at moderate cathodic potentials, we mostly produce H2 via
HER and a minuscule amount of NH3 via NRR. At large cathodic potentials, strong H
adsorption essentially poisons the catalyst surface and shuts down NRR.
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To overcome the challenges of low NRR rates and high NRR overpotential, we require
catalysts that interact strongly with the N2 molecule such that they activate or weaken the
highly stable N≡N triple bond and reduce reaction energy barriers. Additionally, to
increase NRR selectivity, we require catalysts that suppress HER by favoring N2 adsorption
over H adsorption at moderate and large cathodic potentials. Yet another strategy to prevent
HER and increase NRR selectivity is to limit the availability of protons at the cathode by
using aprotic electrolytes or by limiting the electron transfer rate to the cathode with a thin
insulator.16,17

1.4 Objectives and Thesis Organization
As discussed above, electrochemical HER and NRR offer sustainable routes for H2 and
NH3 production, respectively. However, we currently lack low-cost electrocatalysts for
HER and NRR, which are key to their commercialization and widespread adoption. Hence,
this dissertation focuses on the computational rational design of low-cost electrocatalysts
for HER and NRR. Specifically, we employ first-principles density functional theory
(DFT) calculations to investigate thermodynamic stability of materials and surfaces,
reaction thermodynamics, and reaction mechanisms of HER and NRR on various catalyst
surfaces, and to suggest strategies to improve the catalytic activity of selected
electrocatalysts.

We organize the rest of the dissertation as follows. In the first two chapters, we address the
challenge of high HER catalyst cost in the electrochemical water splitting process.
Specifically, in Chapter 2, we show that synthesis of stable core-shell nanoparticles of
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relatively inexpensive tungsten carbide (WC) and Pt can significantly reduce the Pt loading
and overall HER catalyst cost, without sacrificing HER catalytic activity of Pt. Via DFT
calculations, we compare the suitability of the two phases of WC, α-WC (a room
temperature stable phase) and β-WC (a high-temperature stable phase) as support materials
for Pt. We examine the thermodynamic stability of one- and two-atom thick Pt overlayers
deposited on α-WC and β-WC surfaces, carefully accounting for the delicate balance
between epitaxial mismatch strains and chemical bonding between cores and shells. We
also study the effects of alloying β-WC with titanium metal (Ti) to modulate the stability
and electronic structure of the core-shell nanoparticle. We compare the electronic
structures of Pt overlayer supported on α-WC and β-TixW1-xC surfaces and compare their
activities for HER in acidic media using the hydrogen binding energy (HBE) as a descriptor
of catalytic activity. Finally, we show that doping the β-WC phase with Ti significantly
improves thermodynamic stability of β-WC and Pt overlayers deposited on β-WC surfaces,
and that a mere two-atom thick Pt overlayer deposited on β-TixW1-xC surfaces display HER
activity comparable or superior to the Pt (111) surface. We published the results of Chapter
2 in the following publication:
•

Jain, A.; Ramasubramaniam, A. Tuning Core–Shell Interactions in Tungsten
Carbide–Pt Nanoparticles for the Hydrogen Evolution Reaction. Phys. Chem.
Chem. Phys. 2018, 20 (36), 23262–23271.

Next, in Chapter 3, we present DFT studies of HER on low-cost molybdenum diselenide
(MoSe2) electrocatalyst. MoSe2 is a two-dimensional layered transition-metal
dichalcogenide and a promising nonprecious-metal HER catalyst. However, it is not as
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active as Pt because of its semiconducting nature, high overpotential, and lack of HER
active sites. We show that doping of MoSe2 with electron-rich transition-metals (TMs)
particularly Mn, Fe, Co, and Ni, can significantly increase the number of HER active sites
in MoSe2 and improve its overall catalytic activity. We show that dopants facilitate the
formation of highly-active Se vacancy sites in MoSe2. We also study the interplay between
TM dopants (Mn, Fe, Co, and Ni) and Se vacancies, and the consequent influence on H
atom adsorption on MoSe2. Further, we correlate trends in the free energies of hydrogen
adsorption and electrochemical Se vacancy formation with changes in the electronic
structure of MoSe2 upon TM doping and with structural changes arising because of the TM
dopant atoms. Finally, using the acidic HER activity and hydrogen binding energy (HBE)
volcano plot, we predict and compare the HER activity of various TM-doped MoSe2
catalysts. In short, we show that TM doping of MoSe2 is an effective strategy to activate
the larger electrochemical surface area of MoSe2 electrocatalyst for HER. We published
the results of Chapter 3 in the following publication:
•

Jain, A.; Sadan, M. B.; Ramasubramaniam, A. Promoting Active Sites for
Hydrogen Evolution in MoSe2 via Transition-Metal Doping. J. Phys. Chem. C
2020, 124 (23), 12324–12336.

In Chapter 4, we present DFT studies of NRR on molybdenum disulfide (MoS2)
electrocatalyst, which is a layered two-dimensional dichalcogenide. MoS2 is a promising
low-cost NRR electrocatalyst, but it possesses only a limited number of NRR-active sites,
displays high overpotential and low NRR selectivity. To overcome these challenges, we
dope MoS2 with iron (Fe) and show that Fe-doping can assist in the formation of sulfur
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vacancy defects, which, in some cases, can selectively bind N2 over protons. We also
consider the role of co-adsorbed H atoms in NRR, both at and in the vicinity of adsorption
sites and show how these competing adsorbates can profoundly affect both the preferred
NRR pathways and their energetics. We propose a new “H-mediated enzymatic pathway”
for NRR and show that this new pathway is more favorable on some defect-rich edges of
Fe-doped MoS2 than previously studied distal, alternating, and enzymatic NRR pathways.
We show that co-adsorbed H atoms can assist indirectly in the reduction of N2 prior to the
eventual evolution of H2(g). Overall, we show that Fe-doping of MoS2 MLs is a promising
approach for producing catalytic sites that are both active and selective for NRR at
moderate potentials. We have submitted the results of Chapter 4 for publication.

In Chapter 5, we conclude with important results of this dissertation and present
suggestions for future works. Finally, in the appendices, we provide full texts of articles
published from the results of Chapters 2 and 3 in appendices A and B, respectively. In
appendices C, and D, and E, we provide other three published articles that are not discussed
in this dissertation, the first two of which are on Mn-doped MoSe2, and Au-supported MoS2
for HER electrocatalysis, and the third one is on Cu-intercalated MoS2 for optoelectronics
applications. In appendices F, G, and H, we provide supporting information of Chapters 2,
3, and 4, respectively.
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CHAPTER 2
CONTROLLING THERMODYNAMIC STABILITY AND CATALYTIC
ACTIVITY OF SUPPORTED PLATINUM OVERLAYERS FOR THE
HYDROGEN EVOLUTION REACTION

This chapter is adapted from our publication,79 provided in Appendix A. Supplementary
Information for this chapter is provided in Appendix F.

2.1. Introduction
Transition-metal carbides (TMCs) are promising catalysts for several chemical
reactions such as hydrogenation, oxygenation, isomerization, Fischer-Tropsch reaction,
water-gas shift, hydrogen evolution (HER), and CO2 reduction (CRR), among others.80–88
These materials display properties common to ceramics and metals including high melting
points, extreme hardness, and high thermal and electronic conductivity. Early interest in
TMC as catalysts emerged from observations of the so-called “platinum-like” catalytic
behavior of tungsten carbides,87 which then spawned further work on TMCs as
inexpensive, earth-abundant replacements for noble metal catalysts. Recent studies show
that TMCs, which display mixed p and d valence-electron character, might offer a
promising route toward breaking the tight constraints of scaling relationships on transitionmetal alloy surfaces.89–91
Apart from being promising catalysts in their own right, TMCs serve as excellent
supports

for other transition-metal

catalysts, either

as

cores

for core-shell

nanoparticles54,92,93 or as bulk-like supports.80,84,94 In particular, there has been much recent
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interest in employing transition-metal carbides as supports for Pt,95 which is among the
best-known catalysts for the hydrogen evolution reaction (HER) via water splitting.47, 96
When integrated with renewable sources of energy, HER can offer a fossil-fuel-free route
for hydrogen production. Yet, the cost and scarcity of Pt (or similar noble metals) as well
as operational problems such as catalyst sintering, corrosion of the support, and weak
affinity between Pt and its support material 43, 44 motivate the search for improved catalysts
for HER. Several previous density functional theory (DFT) studies have reported that a
single monolayer (ML) of Pt deposited over a WC support has HER activity similar to the
Pt (111) surface.11,94,97,98 Additionally, Pt is reported to be more stable on the metal (W)
terminated WC (0001) surface than on graphene supports.94,99–101 In an effort to minimize
the use of precious Pt catalyst while maximizing the effective surface area, Hsu et al.
synthesized few-layer Pt shells on WC cores

45,46

as well as few-layer Pt on planar WC

surfaces.102,103 More recently, Hunt et al. devised a method to synthesize highly stable and
catalytically active TiWC@Pt and TiWN@Pt core-shell nanoparticles with precise control
over the size and composition of the nanoparticle core as well as the thickness of the shell
(down to 1 ML).51–54 These synthetic advances minimize the use of expensive Pt while
maximizing the effective surface area of the catalyst.
From the theoretical perspective, HER has been studied for Pt monolayers (ML) on
hexagonal-close-packed WC (α-WC; room-temperature phase) supports;11,47,94,97,98,104,105
such models provide a reasonable approximation of core-shell α-WC@Pt nanoparticles and
planar Pt/α-WC synthesized by Hsu et al.45,46,102,103 On the other hand, the core-shell
nanoparticles synthesized by Hunt et al.,51–54 display the face-centered-cubic phase of WC
(β-WC; stable above 2525°C

106

). As the electronic properties of α-WC and β-WC are
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fundamentally different,93,107,108 the electronic and catalytic properties of supported Pt MLs
could also vary substantially as a function of the underlying support. Indeed, Yates et al.93
performed DFT studies of oxygen adsorption on Pt overlayers on α-WC and β-WC and
found that a Pt ML over β-WC binds O atoms more strongly than the Pt (111) surface,
rendering the former a poorer catalyst for oxygen reduction reaction (ORR); on the other
hand, a Pt ML over α-WC was predicted to bind O as strongly as Pt (111) making it more
suited for ORR. Hendon et al.92 reported electronic structures of several β-Ti0.1W0.9C–
supported noble-metal overlayers with different surface coverages and showed that the dband centers of the surfaces vary as a function of the surface topology and thickness of the
overlayers. To date, we are unaware of any systematic studies of Pt MLs over α-WC and
β-WC in relation to the HER, which is the focus of this paper.
In this work, we employ DFT calculations to compare the thermodynamic stability,
electronic structure, and HER catalytic activity of various Pt/WC surfaces and thereby
contrast the suitability of α- and β-WC as support (core) materials for WC@Pt core-shell
nanoparticles for HER. We also examine the role of Ti in stabilizing and modulating the
catalytic properties of β-WC@Pt core-shell nanoparticles in light of recent experiments
along these lines.52–54 We find that the formation of β-WC@Pt core-shell nanoparticles is
thermodynamically preferred over α-WC@Pt and that doping β-WC with Ti further
improves the stability of Pt/WC interface without affecting the desirable electronic
properties of the Pt MLs. Comparisons of the hydrogen binding energy (HBE), a commonly
employed descriptor of acidic HER catalytic activity, on 1-2 MLs of Pt supported on αand (Ti-doped) β-WC reveal a substantial support effect, which we explain via a detailed
electronic structure analysis. Based on our studies, 2 MLs of Pt supported on β-WC (111)
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and β-Ti0.125W0.875C (111) are predicted to attain HER activities comparable to Pt (111),
making β-WC@Pt a promising system for further exploration as a highly active yet
inexpensive HER catalyst.
2.2. Computational Methods
DFT calculations were performed using the Vienna Ab-Initio Simulation Package (VASP;
version 5.4.1).

109,110

The projector-augmented wave (PAW) method

111,112

was used to

describe the core and valence electrons in conjunction with the Perdew-Burke-Ernzerhof
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form of the generalized-gradient approximation for electron exchange and correlation.

The valence electron configurations employed for Pt, W, Ti, and C are 6s15d9, 6s25d4,
4s23d2, and 2s22p2, respectively. Total energies were converged to within 1 meV/atom by
choosing a plane-wave kinetic-energy cutoff of 500 eV and sampling the Brillouin zone
with sufficiently dense Γ-centered k-point meshes. Specifically, we used 21×21×21 k-point
meshes for the reference bulk phases of Pt (fcc), Ti (hcp), W (bcc), α-WC, and β-WC, and
21×21×1 k-points for C (graphene). For the slab models, we used 11×11×1 k-points for Pt
(111); 7×7×1 k-points for α -WC (001), Pt1, 2 MLs/α -WC (001), β-WC (001) and β-TixW1xC

(111); 8×4×1 k-points for PtML/β-WC (001); and 5×3×1 k-points for Pt1, 2 MLs/β-TixW1-

xC

(111). Brillouin-zone integrations were performed with a Methfessel-Paxton smearing

114

of 0.1 eV. Structural optimization was performed with a tolerance of 0.01 eV/Å for the

Hellman-Feynman force on each atom. Structural optimization of the bulk phases was
performed by relaxing lattice vectors as well as ionic positions; the optimized lattice
parameters were used to build slab models for further studies.
In our slab calculations, the Pt (111) slab consisted of five layers while the α-WC and
β-WC slabs consisted of seven and eleven layers, respectively; periodic images of the slabs
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were separated by at least 10 Å of vacuum in the normal direction to avoid spurious image
interactions. Pt/WC slabs were created by placing 1 or 2 MLs of Pt atoms on the WC slabs.
Formation and interface energies of Pt1, 2 MLs/α-WC and Pt1, 2 MLs/β-TixW1-xC interfaces,
were calculated using symmetric slabs (with Pt on both surfaces) to avoid net dipoles
within the supercell; during structural optimization, the three middle layers of the slabs
were held frozen to simulate the bulk constraint. Details of the various Pt/WC supercells
are provided in Table F1.
For calculations of hydrogen-binding energies (HBE), 3×3×1 supercells were used for
all slabs except for PtML/β-WC (001) and Pt1, 2 MLs/β-TixW1-xC (111) for which we used the
(large) unit cells listed in Table F1. To reduce the computational cost, we used asymmetric
slabs for these calculations and held the three bottommost layers fixed to simulate the bulk
constraint; dipole corrections 115,116 were applied normal to the slabs. HBEs were calculated
by adsorbing a single H atom at various inequivalent surface sites; HBEs at the most stable
sites are reported in this paper. The HBE of the catalyst is defined as

HBE = ESlab+H - Eslab - EH / 2 + DEZPE ,

(2.1)

2

where ESlab+H , ESlab and E H are the total energies of the slab with an adsorbed H atom, the
2

slab itself, and the (gas-phase) H2 molecule. DEZPE is the zero-point energy correction for
the adsorbed H atom, calculated as the difference between the zero-point energy of an
adsorbed H atom and its corresponding value in the H2 molecule. The zero-point energy in
each case is obtained by perturbing the H atom from its equilibrium position by ±0.015 Å
in all three Cartesian directions, diagonalizing the mass-weighted Hessian matrix to
calculate the vibrational frequencies ωi, and evaluating the sum
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.

Finally, to obtain insights into the electronic structure of the supported Pt monolayers—
in particular, their d-band centers—atom-projected partial densities of states were
calculated with VASP using 1500 energy grid points. The average d-band center, Ed,
relative to the Fermi level, EF, was calculated as,117
𝐸

,𝐸𝑑 − 𝐸𝐹 =

𝐹 𝐸𝑛 (𝐸)𝑑𝐸
∫−∞
𝑑
𝐸

𝐹 𝑛 (𝐸)𝑑𝐸
∫−∞
𝑑

(2.2)

where nd(E) is the d-band density of states at energy E.

2.3. Results and Discussion
2.3.1 Thermodynamics and Stability of Pt/WC Interfaces

Figure 2.1. Unit cells of (a) β-WC and (b) α-WC (W – large blue spheres; C – small,
brown spheres)
As noted previously, we focus here on two forms of WC: the low-temperature hexagonalclose-packed phase (α-WC) and the high-temperature, face-centered-cubic phase (β-WC)
(Figure 2.1). The calculated lattice parameters for the two phases are reported in Table 2.1
and seen to be in excellent agreement with experimental data.118,119 The calculated heats of
formation of the two phases (at 0K) also confirm the stability of α-WC relative to β-WC
and agree with previous reports.108,120,121
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Of the various possible low-Miller index surfaces of α-WC and β-WC for deposition
of Pt overlayers, we restrict attention here to W-terminated α-WC (001), β-WC (001), and
β-WC (111) surfaces as these are the most relevant surfaces and/or Pt/WC interfaces
observed in experiments.7,

20-25

Our independent DFT studies of various low-Miller

surfaces (Figure F1) confirm that the aforementioned surfaces are indeed energetically
preferred over a wide range of chemical potentials. Furthermore, we have also confirmed
that interfaces between Pt overlayers and C-terminated surfaces are thermodynamically
unfavorable, which further justifies our focus on W-terminated slab models for the WC
supports.93,108 From here on, for brevity, we simply refer to the WC slabs by their surface
orientation [e.g., α-WC (001)] with the implicit understanding that the surface/interface of
interest is W-terminated unless otherwise specified.
Table 2.1. Comparison of calculated and experimental (in parentheses) lattice parameters
of bulk WC and TiC, and their calculated heats of formation (∆Hf) at 0K; μWC, μTiC, μW, μTi,
and μC are the calculated chemical potentials (at 0K) of WC, TiC, W, Ti, and C,
respectively.

α-WC

a (Å)

c (Å)

∆Hf = µWC/TiC - µW/Ti - µC (eV)

2.92 (2.91) 118

2.85 (2.84)

-0.28

118

β-WC

4.38 (4.38) 118,

-

+0.64

-

-1.54

119

β-TiC

4.32 (4.32) 122

Before studying the energetics of hydrogen adsorption on WC-supported Pt, we seek
to understand first the relative stability of different Pt/WC interfaces. The stability of the
Pt/WC interfaces is characterized by their formation energy on an interfacial area basis, Ef,
defined as
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Ef =

EPt/WC - N Pt m Pt - NW mW - N C mC
,
A

(2.3)

where EPt/WC is the total energy of the composite Pt/WC slab; NPt, NW, and NC represent the
number of Pt, W, and C atoms, respectively, with corresponding chemical potentials μPt,
μW, and μC; and A is the total surface area of the symmetric slab. The reference chemical
potentials are obtained from 0K DFT calculations using fcc Pt, bcc W, α/β-WC, and
graphene as the reference phases. The formation energies are then calculated as a function
of the chemical potential of carbon, μC, under the constraints 123,124

mW + mC = ma /b -WC ,

(2.4)

mC,graphene + DH f ,a /b -WC < mC < mC,graphene ,

(2.5)

and

where ∆Hf,α/β-WC is the heat of formation for α/β-WC, reported in Table 2.1. A key issue
that must be accounted for when considering the stability of the Pt/WC interface is the
influence of lattice mismatch between the Pt overlayers and the WC support. In particular,
the support can exert a so-called “strain effect” 92,93,97 on the catalytic properties of the Pt
overlayer and we would like to understand this effect independent of artificial lattice
matching between Pt and WC in the computational model. To this end, we consider not
only lattice-matched Pt overlayers on WC but also explore larger coincident-site lattices
between Pt overlayers and the WC supports. Yates et al.93 examined these mismatch strain
effects by considering extended surface cells that allow for better lattice matching between
Pt overlayers and WC supports; we go beyond their work by also including rotations of the
Pt overlayer in an effort to minimize mismatch strains. It is not possible to examine a large
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number of rotated and lattice-matched surface cells with DFT calculations and so we focus
on a few candidates that allow us to critically examine the effects of mismatch strain while,
at the same time, keeping the calculations tractable. The various supercells studied are
listed in Table F1. In finding commensurate surface cells only the Pt layer is rotated and
expanded/contracted to match the underlying WC slab.125 As the expansion/contraction can
be different along the two supercell vectors, we quantify the net strain as an area mismatch
defined via a misfit factor (η)126 as
h=

AWC - APt
AWC + APt

(2.6)

where AWC is the surface area of WC slab (support) and APt is the surface area of the
commensurate Pt layer when it is unstrained.

We consider first a monolayer of Pt on the α-WC (001) surface – PtML/α-WC (001)
(Slab 1, Table F1). The atoms of the α-WC (001) surface are arranged in a triangular lattice
(close-packed) and a simple arrangement of Pt atoms filling the hollow surface sites, i.e.,
a p-(1x1) R0° unit cell, leads to an epitaxially matched Pt (111) ML at +3.9% equibiaxial
strain (η=+3.9%).97 This large mismatch strain can be reduced to +3.00% in a larger
supercell (Slab 2, Table F1) and to an even smaller value of -0.10% for the p-(4x4) R15°
supercell (Slab 3, Table F1).125 As seen from Figure 2.2 (a), the formation energy of the p(4x4) R0° supercell is lower than the two rotated Pt MLs in spite of the latter MLs
possessing smaller overall mismatch strains. The reason for this, possibly counterintuitive,
is that the ligand effect arising from the optimal coordination of Pt atoms at surface hollow
sites far outweighs the strain effect from epitaxial mismatch.97 Furthermore, we also
observe from the relaxed structures (Figure F2) that the rotated MLs display significant
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Figure 2.2. Formation energies (Ef) of 1-2 Pt MLs over (a) α-WC (001) and (b) βWC (111) support in various surface unit-cells (reported in Table F1) with different
misfit factors (η), as a function of the chemical potential of carbon (relative to
graphene).

in-plane structural distortions with regions of both compressive and tensile strain indicative
of less-than-optimal bonding with the support. Upon the addition of a second epitaxiallymatched Pt monolayer, we find that the formation energy of the composite Pt/WC (001)
system decreases by ~0.4 J/m2. In conjunction with the fact that the formation energy of
the ML is positive (thermodynamically unfavorable) over a wide range of chemical
potentials, this result explains why Pt nucleates as clusters rather than contiguous layers on
the α-WC (001) surface in experiments.45,46,103 The thermodynamics of island nucleation
on α-WC (001) is beyond the scope of this work and will be reported elsewhere. For the βWC supports, we considered two possible surface orientations—the stoichiometric (001)
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surface, which consists of both W and C atoms arranged on a centered square lattice, and
the close-packed, W-terminated (111) surface. For the case of PtML/β-WC (001), we
constructed a commensurate surface supercell with a misfit factor, η=+1.05% (Slab 4,
Table F1); the formation energy [Figure 2.2 (b)] in this case (~1.2 J/m2) is independent of
μC and comparable to that for p-(4x4) R0° PtML/α-WC (001). Adding another monolayer
of Pt to this PtML/β-WC (001) supercell increases the formation energy of Pt2ML/β-WC
(001) by ~0.5 J/m2; this is unlike the Pt/α-WC (001) case wherein the addition of the second
Pt ML is thermodynamically favored. In contrast to the Pt/ β-WC (001) case, all PtML/βWC (111) slabs (Slabs 5, 6 & 7; Table F1) display negative formation energies over the
same range of μC values. Interestingly, the two rotated Pt ML cases (Slab 6, η=+1.19%;
Slab 7, η=-1.38%; Table F1) now display lower formation energies [Figure 2.2(b)] than
the epitaxially-matched Pt ML that has a large misfit of η=+9.75%. Indeed, Hendon et al.92
have used ab initio molecular dynamics (AIMD) simulations and shown that an epitaxiallymatched Pt ML on β-Ti0.1W0.9C (111) spontaneously develops defects and fractures into
smaller islands. We also note from Figure 2.2(b) that the Pt ML with η=-1.38% misfit (Slab
7; Table F1) is thermodynamically favored, somewhat counterintuitively, over the Pt ML
with η=+1.19% (Slab 6; Table F1), which once again points to a delicate balance between
ligand and strain effects at the Pt/WC interface. Furthermore, upon deposition of the second
layer of Pt on these two MLs (i.e., the η=-1.38% and η=+1.19% cases) we find that the
formation energy increases (by ~0.5 J/m2). Thus, unlike our earlier observation for Pt/αWC (001), we now find that the β-WC (111) surface preferentially stabilizes a single layer
of Pt over a bilayer. For completeness, we performed AIMD simulations of the most
thermodynamically favorable PtML/β-WC (111) and PtML/β-WC (001) structures (Figures
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F3 and F4) and did not observe any significant structural changes (fracture, clustering,
debonding, etc.) up to temperatures of 1000 K over 0.5 ps of simulation time.
Based on the above thermodynamic analyses, we may now conclude that the β-WC
phase is well suited for stabilizing 1-2 Pt MLs, which is consistent with experimental
reports on β-TiWC@Pt core-shell nanoparticles.53,54 The α-WC phase, on the other hand,
favors the clustering of Pt during the initial stages of growth. Furthermore, we may also
conclude that the Pt/β-WC (111) interface is energetically favored over the Pt/β-WC (001)
interface, which is consistent with powder X-ray diffraction (PXRD) studies of βTi0.1W0.9C@Pt core-shell nanoparticles53,54 that indicate the dominance of (111) facets over
(001) facets.
2.3.2 Alloying of β-WC with Ti
In recent experiments, Hunt et al.53,54,127 showed that the thermodynamic stability of WC
nanoparticles can be enhanced by alloying with elements such as Ti or Ta, which are known
to form some of the most stable carbides (TiC and TaC).128 However, the influence of such
bimetallic carbide supports on the stability and electronic structure of Pt MLs is still not
fully understood. First, to confirm the stabilizing effect of Ti, we consider the
thermodynamics of alloying of β-WC with Ti. As TiC and β-WC both display rock-salt
crystal structures with very similar lattice constants (aβ-WC =4.38 Å 118,119 and aTiC=4.32 Å
122

), we constructed bulk alloy supercells by a simple substitutional exchange of W with Ti

alloy
atoms. The heat of formation of the alloy (per metal-carbide pair), DH f , was computed

as
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DH alloy
=
f

where mTi W

x 1-x C

mTixW1-xC - N Ti mTi - NW mW - N C mC
N MC

(2.7)
,

is the DFT energy (0K) of the alloy supercell, x is the fraction of Ti atoms,

and NMC is the number of metal-carbide (WC and TiC) pairs. Figure 2.3 displays the heat
of formation of the TixW1-xC alloy as a function of Ti content from which we observe that
alloying with Ti indeed has a stabilizing effect on the β-WC phase. Specifically, in our
DFT calculations, the formation of the rock-salt TixW1-xC alloy structure transitions from
endothermic to exothermic at ~20% Ti-doping. As an additional check on these results, we
also report in Figure F9 the alloy heat of formation using the PBE+U approach,129 which
can account partially for strongly-correlated d-electrons of Ti, and a more accurate metaGGA (SCAN)130 exchange–correlation functional; all approaches confirm the trends in
ΔHalloyf with increasing Ti content including the stabilization of the β-WC phase at ∼20%
Ti doping. Free-energy calculations for these systems that explore the thermodynamics at
elevated temperatures, typical of synthetic conditions, will be reported elsewhere.
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alloy
Figure 2.3. Heat of formation of β-TixW1-xC alloy, DH f (Eq. 2.7), as a function of Ti

content (x%).
While the TiWC alloy bulk is reasonably represented by random substitution of W with
Ti, we need to account for the possibility of Ti segregation/desegregation at surfaces or
interfaces in our slab models. To this end, we calculated the heat of formation of β-WC
(111) and Pt/β-WC (111) slabs as a function of the position of the Ti dopant atom relative
to the slab surface (Figure F5). As seen from Figure F5(a), for β-WC (111) slabs, Ti
substitution is energetically preferred in the subsurface layers and, in particular, within the
first subsurface W-layer. In the case of the Pt/β-WC (111) slab [Figure F5(b)], the
substitution of W sites within the surface layer is only slightly energetically disfavored.
Thus, we proceed for now to construct Pt/β-TixW1-xC slabs by random substitution of a
fraction x of W atoms with Ti atoms. Prior studies92 have ignored these issues of surface
segregation/desegregation of Ti and, as we show in Table F2, the implications for hydrogen
binding can, in some instances, be non-negligible.
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Figure 2.4. (a) Formation energy (per unit interface area), Ef, of 1-2 MLs of Pt over βTixW1-xC (111) supports relative to their corresponding values on undoped β-WC
(111). (b) Interface energy, EI, of 1-2 MLs of Pt over β-TixW1-xC as a function of Ti
concentration (x%).
In Figure 2.4(a), we display the difference between the formation energies (Ef) of 1-2
Pt MLs on β-TixW1-xC (111) supports and their corresponding formation energies on
undoped β-WC (111) [Ef(0)]; the individual formation energies are calculated as

Ef =

EPt/TiWC - N Pt m Pt - NW mW - NTi mTi - N C mC
,
A

(2.8)

where EPt/TiWC is the total energy of the composite Pt/TiWC slab; NPt, NW, NTi, and NC
represent the number of Pt, W, Ti, and C atoms, respectively, with corresponding chemical
potentials μPt, μW, μTi, and μC; and A is the total surface area of the symmetric slab. As the
thermodynamics of the ternary Ti-W-C system is beyond the scope of this work, for
simplicity, we use the 0K DFT energies of bulk fcc Pt, bcc W, hcp Ti, and graphene as the
relevant chemical potentials in Equation 2.8. From Figure 2.4(a), we see that for each
support, the formation of 1 ML Pt is thermodynamically preferred over 2 MLs and,
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furthermore, the alloying of β-WC with Ti has a stabilizing effect on the energetics of the
Pt/β-TixW1-xC (111) system. To understand further whether this stabilization upon addition
of Ti arises from the increased stability of the core (Figure 2.3) or the formation of a more
stable core-shell interface, we calculated the interface energy, EI, of 1-2 Pt MLs over βTixW1-xC supports [Figure 2.4(b)]. The interface energy is defined as
EI =

EPt/TiWC - ETiWC - EPt
,
A

(2.9)

where EPt/TiWC is the energy of the Pt/TiWC slab, ETiWC is the energy of the TiWC slab, EPt
is the energy of the isolated Pt (111) monolayer or bilayer in a vacuum, and A is the total
surface area of the Pt/TiWC slab. From Figure 2.4(b), we note that all 1-2 ML Pt/β-TixW1xC

interfaces are thermodynamically favorable, but the interface energies increase slightly

with added Ti. Thus, the principal effect of Ti is to stabilize the β-TixW1-xC support (core)
rather than the Pt/β-TixW1-xC interface.
PBE+U129, SCAN130,
2.3.3 Hydrogen Binding Energies on Pt/WC and Pt/TixW1-xC
Having examined the thermodynamics of various Pt/WC and Pt/TixW1-xC systems, we now
turn to the question of hydrogen binding energies (HBEs), a key descriptor of the catalytic
activity of surfaces for the acidic hydrogen evolution reaction (HER).11,39–41 As the
supported Pt layers undergo structural distortions leading to variations in the surface strain,
we sampled several binding sites within regions of compressive and tensile strains (Table
F3). As expected

131,132

adsorption sites with compressive strains displayed lower—and

sometimes thermodynamically unfavorable—HBEs than those with tensile strains. The
typical variation in HBEs is ~0.10 eV over a given surface (Table F3 and F4).
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Figure 2.5. Hydrogen binding energy (HBE) versus the d-band center relative to the
Fermi-level (Ed-Ef) of the Pt surface; the solid line is a guide to the eye that shows a
subset of the data that follow the d-band model, namely, most of the α-/β-WC@Pt and
α-/β-TixW1-xC@Pt systems.

For transition-metal surfaces, it is well known that the binding energy of adsorbates is
correlated with the d-band center energy of the surface.133 Thus, we sought to investigate
whether the d-band center energy is also a good descriptor for HBE in our systems. Figure
2.5 displays the (most stable) HBEs for the most stable surfaces identified previously as a
function of the d-band center of the surface. We observe readily that one set of data,
namely, that for 1-2 Pt MLs over α-WC, β-WC and β-TixW1-xC supports—with the notable
exception of PtML/α-WC (001)—all follow the d-band model. The second set of data
consists of large outliers, namely, the bare transition-metal carbide surfaces α-WC (001),
β-WC (111), and β-TixW1-xC (111) that
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Figure 2.6. Total and angular-momentum-projected density of states of (a) PtML/β-WC
(111) and (b) PtML/α-WC (001) slabs.
are known from previous studies91,93 to violate the d-band model. Kitchin et al.12 have
attributed the failure of the d-band model for H adsorption on TMC surfaces to the
inaccurate description of the d-band of TMC surfaces by DFT due to the overcounting of
low-energy states from nearby C atoms that lower the d-band center. To understand the
outlying case of PtML/α-WC (001), which has similar d-band center energy as PtML/β-WC
(111) but an unexpectedly higher HBE (by ~0.5 eV), we probed the electronic structure of
these two surfaces in detail. Figure 2.6 displays the total as well as angular-momentum
projected density of states for these two slab models from which we observe that the
PtML/α-WC (001) system has a large resonance in the density of d-states at the Fermi level.
Further analysis (Figure F6) reveals that this resonance has a large contribution from the
Pt ML, which explains the increased affinity of H for this surface. With respect to the role
of Ti addition to the supports, we find negligible differences in the electronic structure of
supported Pt MLs (even up to 22% doping) as seen from the similar d-band center positions
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and bandwidths of PtMLs/β-TixW1-xC (111), x = 0, 0.125, 0.22 (Figure F7). However, the
HBEs of bare β-TixW1-xC (111) surfaces do indeed decrease with increasing Ti doping,
which may be expected from the hole-doping effect of Ti.
The connection between HBEs and the activity of the various WC and Pt/WC surfaces
can be made via Sabatier’s principle, which is visually rendered by the so-called “volcano
plot”. For HER, in particular, Esposito et al.47 have shown that the optimal HBE is ~0.37
eV, which is ~0.1 eV more positive than the corresponding value for Pt (111). Figure 2.7
displays our calculated HBEs superposed over the volcano plot of Esposito et al.47 who
reported the HER activities of various transition-metals, transition-metal carbides, and
transition-metal-carbide-supported transition-metals. While we have not calculated
exchange currents independently in this work, superimposing our data, based on their
abscissas (HBEs), over the well-established volcano curve allows us to make some
preliminary estimates for our systems. The most significant observation from Figure 2.7 is
that the anticipated exchange current densities for Pt2ML/β-WC (111) and Pt2ML/βTi0.125W0.875C (111) are comparable, if not slightly greater, than that for Pt (111), which is
among the best HER catalysts. This is consistent with recent experimental findings of Hunt
et al.53,54 who found the HER activity of Pt/β-Ti0.1W0.9C core-shell nanoparticles to be
superior to that of Pt (111). On the other hand, we observe that PtML/α-WC (001) and
Pt2ML/α-WC (001), while towards the upper end of the volcano, are less active than Pt
(111), which indicates that the metastable β-WC phase is more desirable as a support
material than the ground-state α-WC phase. Finally, we also observe that 12.5% Ti-doping
of β-WC yields a more active catalyst than the 22% Ti-doped case as seen from the lower
predicted activity when employing the latter as support.
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Figure 2.7. Volcano plot for HER showing the exchange current densities (log(io))
plotted as a function of hydrogen binding energy. The exchange current densities are
estimated by superimposing our data for various surfaces, based on their calculated
HBEs, over the volcano plot reported in Ref. 47.
The analysis of catalytic activity thus far has been based on HBEs at the most stable
binding sites. There are, of course, variations in HBEs over a given Pt overlayer due to a
combination of ligand and strain effects arising from the interaction of the overlayer with
the support. Complete surface scans of HBEs for all systems studied here are prohibitively
expensive. Nevertheless, by focusing on the most promising HER catalysts identified
above, namely, Pt2ML/β-TixW1−xC (x = 0%, 12.5%, 22%) it is possible to estimate the
sensitivity of our predictions to such variations in HBEs. We ordered the H-binding sites
on the Pt overlayers (top, bridge, hollow) by their site-projected d-band centers and
sampled several sites to span the range of d-band center energies (Table F4). We find that
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the spread of HBEs (Table F4 and Figure F10) is at most ∼0.2 eV for the three Pt2ML/βTixW1−xC (x = 0%, 12.5%, 22%) systems studied here. We also find (Figure F10) that,
upon including a multitude of binding sites in the analysis, the correlation between the siteprojected d-band center and the HBE is weaker than before (i.e., with most stable
adsorption sites; Figure 2.5) although this has no impact on the volcano-plot analysis,
which is based on HBEs alone. The key point of note here is that our volcano-plot analysis
is a conservative one, is based on the largest HBEs, and the inclusion of weaker binding
sites for the Pt2ML/β-TixW1−xC systems will, on average, push the expected values of
exchange currents further towards the peak of the volcano. A more complete analysis must
also take into account surface coverage effects, which is deferred to future work.

2.4. Conclusions
In summary, using first-principles DFT calculations we investigated the thermodynamic
stability, electronic structure, and HER activity of 1-2 layers of Pt on α-WC and β-TixW1xC

supports. The main finding from our thermodynamic studies is that 1-2 layers of Pt are

more stable on β-TixW1-xC (111) supports than on α-WC (001), which indicates that βTixW1-xC@Pt core-shell nanoparticles will be more stable than α-WC@Pt core-shell
nanoparticles. Moreover, the addition of Ti to β-WC improves the stability of the β-WC
support and, correspondingly, the stability of the β-TixW1-xC@Pt core-shell nanoparticles,
without significantly affecting the desired catalytic and electronic properties of the Pt shell.
These results are in agreement with experimental reports of the stabilization of the hightemperature β-WC phase by Ti doping/alloying in β-TixW1-xC@Pt core-shell
nanoparticles.53,54 We estimated the HER activities of Pt/WC surfaces from their HBEs and
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arrived at two key observations about 1-2 Pt layers on α- and β-WC supports. Firstly, while
PtML/β-WC (111) and PtML/α-WC (001) have comparable d-band center energies, the
former is relatively inactive for HER whereas the latter, due to a larger resonance in dstates at the Fermi level, has activity comparable to Pt (111). Secondly, the addition of an
extra monolayer of Pt renders Pt2ML/β-WC (111) more active than Pt (111) as well as
Pt2ML/α-WC (001). We examined the effect of Ti doping of the WC supports and found the
addition of Ti improves the stability of the supports while mostly retaining the overall
activity of the Pt overlayers. Specifically, both Pt2ML/β-Ti0.125W0.875C and Pt2ML/β-WC
(111) are predicted to be as active as the Pt (111) surface with Pt2ML/β-Ti0.125W0.875C
benefiting from the added stability of the core from the added Ti. Overall, we find that the
phase of the WC support has a significant influence on the catalytic activity of the Pt
overlayers and that the high-temperature β-WC phase (with or without Ti doping) will be
better support material for Pt monolayers than the room-temperature α-WC phase.
More broadly, this work opens up interesting avenues for further exploration of support
effects on the activity of catalytic overlayers, in particular, via high-throughput,
combinatorial, first-principles studies that explore the effects of binary TMC supports on
supported transition-metal catalysts. In conjunction with descriptor-based analyses (e.g.,
binding energies of hydrogen and oxygen for HER and ORR, respectively), such studies
could help guide the rational design of core-shell catalysts and will be explored in future
work.
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CHAPTER 3
DOPANT AND DEFECT ENGINEERED TWO-DIMENSIONAL MoSe2
MONOLAYER FOR THE HYDROGEN EVOLUTION REACTION

This chapter is adapted from our publication135 provided in Appendix B. Supplementary
Information for this chapter is provided in Appendix G.

3.1 Introduction
Hydrogen gas (H2) is highly desirable as a clean fuel and electrochemical water splitting
(EWS) is believed to offer a renewable and sustainable route for H2 production.1,136 In EWS
(in acidic media), H2 gas is generated at the cathode via the hydrogen evolution reaction
(HER) in which two protons and electrons combine to form molecular hydrogen gas
[2H+(aq) +2e- ⇄ H2(g)].137 For scalable EWS, new HER catalysts are required to replace
expensive platinum (Pt), which remains the electrocatalyst of choice due to its low
overpotential, fast HER kinetics, and high electrical conductivity.4,137,138 Apart from the
high cost and scarcity of Pt, other operational problems such as catalyst corrosion,
sintering, and poisoning pose limitations for large scale H2 production,44,139 further
motivating the search for alternative HER electrocatalysts. Along these lines, twodimensional (2D) transition-metal dichalcogenides (TMDs) such as molybdenum and
tungsten disulfides and diselenides have emerged as promising electrocatalysts for HER
due to their highly active edges.9,57,66,140–145 In particular, MoSe2 has demonstrated the most
promising results because of relatively higher electrical conductivity and smaller HER
overpotentials than MoS2, WS2, and WSe2.66,143,146–149 Hence, in this work we focus on
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modifying MoSe2 electrocatalyst for HER. Generally, 2D TMDs have lower electrical
conductivity, higher overpotentials, and more sluggish HER kinetics relative to Pt. More
importantly, the active edge sites of these 2D sheets comprise only a small fraction of the
total exposed surface, limiting the overall electrochemical active surface area of the
catalyst. The basal planes, which constitute most of the catalyst surface, are generally inert
towards HER,

58,141,150

although chalcogen vacancies and other defects in the basal plane

can potentially serve as active sites.58,151–155
To overcome the shortcomings of TMDs as HER catalysts, several experimental
studies have proposed strategies like morphology engineering to maximize active edges in
the catalyst, supporting TMDs on more conductive supports, modification with heteroatom
doping, and defect and phase engineering.58,66,140,143,156–158 Specifically, for MoSe2, it was
demonstrated that increasing the concentration of Se vacancies improves its HER
activity.151,154,155,159,160 Different morphologies for the catalyst were also suggested, for
instance, vertically aligned MoSe2 films grown perpendicular to planar and curved
substrates,66,143 MoSe2 in nanoflower architectures,161,162 and porous MoSe2 nanosheets,163
all of which were aimed at exposing active edges sites. Furthermore, it was shown that
introducing the metastable 1T metallic phase within the thermodynamically stable
semiconducting 2H phase of MoSe2 improves the electrical conductivity and HER
kinetics,18,164,165 as does supporting MoSe2 on graphene-based materials.166–168 MoSe2 has
also been modified through heteroatom doping with sulfur169,170, nitrogen164, boron 171 and
transition-metals (W, Mn, Co, Ni, Ru, Zn)59,161,162,172–177 resulting in a larger catalytic active
area, lower overpotentials, faster HER kinetics, and better electrical conductivity than
undoped MoSe2. However, there are as yet only a few theoretical studies 161,162,171,173–175
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that provide fundamental insights into the mechanisms that underlie the aforementioned
reports of improved activity of engineered and/or modified MoSe2 systems. Furthermore,
most DFT studies on heteroatom-doped MoSe2—the focus of this paper—have employed
doped basal-plane models to justify the improved HER performance of MoSe2 even though
the catalyst is Se-deficient (defect rich) in practice with multiple exposed edges; a couple
of exceptions are the work of Gao et al.171 and Kuraganti et al.161 who studied both basal
planes and edges of B-doped and Mn-doped MoSe2 catalysts, respectively, via density
functional theory (DFT) modeling.
In this work, we employ DFT modeling to investigate and compare systematically the
influence of select earth-abundant transition-metal (TM) dopants, namely, Mn, Fe, Co, and
Ni on the structure, the thermodynamics of electrochemical Se vacancy formation, and the
HER activity of MoSe2 in acidic media. We selected these dopants because recent
experimental studies have shown that Mn-, Co-, and Ni-doped MoSe2 electrocatalysts
possess significantly improved HER activities over undoped MoSe2 electrocatalyst.161,173
Furthermore, this series of 3d TM dopants allows for the sequential introduction of excess
electrons into the conduction band of MoSe2, thereby allowing for fundamental insights
into the connection between electronic structure and HER activity. We study the change in
free-energy of hydrogen (H) adsorption, ∆GH,—a well-established descriptor of HER
activity in acidic media—at pristine sites and Se vacancy (VSe) sites on undoped as well as
TM-doped basal planes, Mo-edges, and Se edges. We also report the energy required to
form Se vacancies via the electrochemical deselenization reaction (DSR), ∆GDSR, on
undoped as well as TM-doped basal planes, Mo edges, and Se edges; such electrocatalytic
formation of chalcogen vacancies has been reported recently as a source of activity
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enhancement in MoS2 58,178,179 and has not yet been systematically studied for MoSe2. We
explain the trends observed in ∆GH and ∆GDSR by correlating these reaction free energies
with changes in the electronic structure as well as the structural distortions induced by
dopants and adsorbed H. Finally, using a volcano plot correlation between HER activity
and hydrogen binding energies, we identify potentially HER active sites on TM-doped
MoSe2. Broadly, our studies show that the introduction of excess electrons in MoSe2 via
TM doping renders the inert semiconducting basal plane of MoSe2 more favorable towards
H-adsorption. Additionally, electrochemical generation of Se vacancies becomes more
facile on doped basal planes and edges at smaller cathodic potentials. In general, Se
vacancies in TM-doped MoSe2 are highly active for HER and TM doping can be viewed
as a promising route for activating MoSe2 electrocatalysts by promoting Se vacancy defect
formation.
3.2 Computational Methods
The Vienna Ab Initio Simulation Package (VASP; version 5.4.1) 109,110 was used for DFT
calculations, all of which were performed with spin polarization to account for unpaired
electrons of the dopant atoms. The projector-augmented wave (PAW) method

111,112

was

used to describe core and valence electrons along with the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) 113 for the description of electron exchange and
correlations. The cutoff energy for the plane-wave basis set was 400 eV and Gaussian
smearing of 0.05 eV was used for integrations over the Brillouin zone. The conjugategradient algorithm was used for structural optimizations of all DFT models with a HellmanFeynman force tolerance of 0.01 eV/Å. During structural optimization, the positions of all
atoms were updated while the supercell dimensions were held fixed. The supercell
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dimensions were even held fixed during the structural optimization of defect and dopant
modified MoSe2 MLs, because it was observed that relaxation of supercell dimensions
changed the total energy and supercell dimensions of MLs by only ±20 meV and ±0.5%,
respectively. Moreover, the effect of supercell dimensions relaxation was found to be
negligible on reaction free-energy (∆G). Hence, we only updated the positions of atoms in
our calculations. All calculations of 2H-MoSe2 monolayers were performed using 4 × 4
supercells; periodic boundary conditions (PBCs) were applied within the plane of the
monolayer and a vacuum region of 12 Å, obtained from total energy convergence tests,
was inserted normal to the layers. Brillouin zones of these supercells were sampled using
3 × 3 × 1 Γ-centered k-point meshes. Similar to prior studies,

141,180–182

Mo-edges and Se

edges were modeled using nanoribbons obtained by applying PBCs along only one of the
in-plane directions and retaining four unit cells along the ribbon width. Nanoribbon images
are separated from each other by a vacuum region of 12 Å along one of the in-plane and
normal directions to the layers. The Brillouin zones of these nanoribbons were sampled
using 1 × 3 × 1 Γ-centered k-point meshes. The PBE lattice parameter for 2H-MoSe2
monolayer was calculated to be 3.32 Å which is comparable to the experimentally obtained
lattice parameter of 3.29 Å.183 The TM-doped MoSe2 basal planes, Mo-edges, and Se edges
were obtained by substituting one Mo atom with a TM dopant atom. Se vacancies (VSe)
were produced in basal planes and edges by removing one Se atom from the respective
pristine (defect-free) model. The free-energy of H adsorption, ∆GH, was calculated by
adsorbing one H atom on either the basal plane of the monolayer or the edge of the
nanoribbon. H-adsorbed structures were relaxed with dipole corrections184 applied either
normal to the monolayer (for basal-plane adsorption) or along the width of the nanoribbons
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(for adsorption at edges). The ∆GH on Pt(111) surface at low (1/9 monolayer) H-coverage
was calculated from the results of our previous work.79
The zero-point energy, EZPE, is calculated as 𝐸𝑍𝑃𝐸 = ∑𝑖 ℏ𝜔𝑖 ⁄2, where ℏ is the reduced
Planck’s constant and 𝜔𝑖 is the vibrational frequency. For ∆GH calculations, 𝜔𝑖 is obtained
by perturbing H-atom from its equilibrium position by ±0.015 Å in all three Cartesian
directions, and diagonalizing the mass-weighted Hessian matrix. The vibrational
frequencies of Mo and Se atoms were assumed to be negligible due to their much larger
masses than H atom. For ∆GDSR calculations, 𝜔𝑖 of MoSe2 ML is obtained by displacing
Se atom (DSR site) and its neighboring TM, Mo, and Se atoms (Figure G1) from their
equilibrium positions by ±0.015 Å in all three Cartesian directions, and diagonalizing the
mass-weighted Hessian matrix.
The vibrational entropy, Svib, of adsorbed H-atom, and MoSe2 ML is estimated as,185
𝑆𝑣𝑖𝑏 = 𝑘𝐵 ∑𝑁
𝑖=1 [− ln (1 − 𝑒

−

ℏ𝜔𝑖
𝑘𝐵 𝑇

)+

ℏ𝜔𝑖 ⁄𝑘𝐵 𝑇
ℏ𝜔𝑖
𝑒 𝑘𝐵 𝑇

]

(3.1)

−1

where kB is the Boltzmann constant, T is the temperature (here, T=300K), 𝜔𝑖 is the
vibrational frequency and N is the total number of vibrational modes. The standard entropy
of gas-phase H2 and H2Se molecules are taken from the NIST database. 186

3.3 Results and Discussion
3.3.1 Doped Basal Planes of 2H-MoSe2
Electronic structure
Previous studies141,151 have shown that the basal plane of 2H-MoSe2 (or also simply MoSe2,
henceforth) is inert towards HER because of the highly unfavorable thermodynamics for
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H adsorption, which is, in turn, a consequence of this material being a semiconductor
lacking electronic states near the Fermi level. Thus, to modify the electronic structure of
MoSe2, we replaced the Mo atom in a monolayer (ML) with selected 3d transition-metals
(TM) dopants—Mn, Fe, Co, and Ni. These TM dopants have been studied extensively for
doping of MoS2 catalysts,187–189 and are a convenient choice for understanding trends in
model systems wherein 3d electrons are progressively added to the monolayer.
Specifically, in 2H-MoSe2 the Mo 4d orbitals are split by the trigonal prismatic crystal field
into three sets of energy levels, in ascending order of energy, 𝑑𝑧 2 , 𝑑𝑥 2 −𝑦 2,
𝑑𝑥𝑧,

𝑦𝑧 ;

190–192

𝑥𝑦

and

the 𝑑𝑧 2 band is filled, while the other d bands are empty. As we replace an

Mo atom with TM dopants—starting with Mn up to Ni—valence electrons are
progressively added to the unfilled d bands. When these electrons remain unpaired there is
an overall non-zero magnetic moment accompanied by symmetry breaking due to the JahnTeller effect (Table G1). Similar to Mo, the Mn, Fe, and Co dopant atoms remain sixfold
coordinated with net magnetic moments of +1µB, +2µB and +1µB, respectively, consistent
with a +4 oxidation state. The unpaired electrons effectively electron-dope the MoSe2
monolayer and we examine the consequences of such doping on H adsorption below.
However, in the Ni-doped case, two Ni-Se bonds are broken, and the Ni atom is only
fourfold coordinated to Se possessing a net magnetic moment of +2µB consistent with a +2
oxidation state. As shown later, this bond-breaking has important implications for
favorable H adsorption and Se vacancy formation in the neighborhood of Ni dopants.
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Hydrogen Adsorption on Defect-Free Basal Planes
The effect of TM dopants on the HER activity of MoSe2 basal planes was examined by
calculating the change in free energy for H adsorption, ∆GH, defined as
∆𝐺𝐻 = 𝐸𝑀𝐿+𝐻 − 𝐸𝑀𝐿 −

𝐸𝐻2,(𝑔)
2

+ ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆

(3.2)

𝐸𝐻2,(𝑔)

∆𝐺
= 𝐸𝐻𝑀𝐿+𝐻
− 𝐸the
+energies
∆𝐸𝑍𝑃𝐸 −of𝑇∆𝑆
where 𝐸𝑀𝐿+𝐻 , 𝐸𝑀𝐿
, 𝐻and
are
0 K DFT
the MoSe2 monolayer(3.2)
(ML)
𝑀𝐿 −
2,(𝑔)
2
with a single adsorbed H atom, the pristine ML, and a hydrogen (H2) molecule in the gasphase respectively; ∆𝐸𝑍𝑃𝐸 is the difference of zero-point energies of H atom in its adsorbed
1

and reference state [2 H2 (g)]; ∆𝑆 is the difference of vibrational entropy of adsorbed H atom
1

and standard entropy of H atom in the gas phase, which is approximated as ≈ 2 𝑆𝐻° 2 , where
𝑆𝐻° 2 is the standard entropy of gas-phase H2 molecule at standard conditions. ∆𝐸𝑍𝑃𝐸 and
−𝑇∆𝑆 (at T=300K) are calculated to be 0.06 eV and 0.19 eV, respectively, at the basal
plane and edge sites of undoped MoSe2 ML, and we take these values of ∆𝐸𝑍𝑃𝐸 and −𝑇∆𝑆
to be representative for ∆𝐺𝐻 calculations on all doped MoSe2 MLs. ∆GH is a wellestablished descriptor of HER activity in acidic media,41,50 and according to the Sabatier
principle,12 ∆GH ≈ 0 signifies ideal HER thermodynamics39 such that the strength of
hydrogen adsorption is neither too strong nor too weak for hydrogen evolution in the low
overpotential range. Negative/positive values of ∆GH imply over-/under-binding of H
atoms to the catalyst surface, leading to non-optimal HER activity. For all cases studied
here, we find that Se atoms are the most favorable sites for basal-plane H adsorption [Figure
3.1(a)], and hence, we only report ∆GH for these on-top adsorption sites. Figure 3.1 (b)
displays ∆GH (at 300K) from which we see that H adsorption on the undoped basal plane
of MoSe2 is highly unfavorable (∆GH ≈ +2 eV). Upon TM doping, H adsorption becomes
49

thermodynamically more favorable at nearest-neighbor Se on-top sites (Figure 3.1), with
∆GH decreasing monotonically from Mn- to Ni-doped cases. In the case of Mn, Fe, and Co,
the decrease in ∆GH is significant (0.9 eV, 1.25 eV, and 1.75 eV, respectively) but the
resulting adsorption energies are still much too unfavorable (∆GH >>0) to initiate HER at
low overpotentials. In contrast, for the Ni-doped case, H adsorption becomes
thermodynamically favorable (∆GH = -0.23 eV). This stronger binding of H on Ni-doped
MoSe2 basal planes occurs due to the presence of undercoordinated Se atoms (two broken
Ni-Se bonds) adjacent to the dopant site, as noted previously. It is noteworthy that ∆GH for
the Ni-doped basal plane is comparable to that for the Pt(111) surface (∆GH = -0.27 eV) at
a low H-coverage of 1/9 monolayer, indicating that Ni-doped MoSe2 is a potentially useful
HER catalyst. It should be noted though that substituting Mo with Ni is sufficiently
endothermic (Table G2) that the occurrence of such Ni-doped basal sites will be small.
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Figure 3.1. (a) Schematic of MoSe2 basal plane with hydrogen (shown by red sphere)
adsorbed on a Se atom (shown by orange sphere). Violet, green, pink, and red spheres
represent Mo, Se, TM, and H atoms, respectively. (b) Free-energy change of H
adsorption (∆GH) on undoped (Mo) and TM-doped MoSe2 basal planes. Yellow and
green bars show approximate contribution from electronic interactions between H and
MoSe2 ML (∆GElectronic) and structural relaxation (∆GStructural) reflected in ∆GH
(∆GH=∆GElectronic+∆GStructural). The blue dashed line indicates ∆GH for the Pt(111)
surface at low H-coverage of 1/9 monolayer.
During H adsorption on the basal plane, two processes, namely, bond formation between
H and Se and structural relaxation of the atoms within the MoSe2 layer occur
simultaneously. It is instructive to isolate these two events, at least approximately, and
calculate their respective contributions to ∆GH, (i.e. ∆GH=∆GElectronic+∆GStructural) by
performing DFT simulations of H adsorption in two steps. In step 1, ∆GElectronic is calculated
using Equation 3.2 but only the H atom is allowed to relax. Since the MoSe2 layer is frozen,
∆GElectronic approximately captures the free-energy change due to electronic interactions
between the Se on-top site and the H atom. In step 2, we allow for complete relaxation of
the structure and calculate the free-energy change ∆GStructural as the difference in energies
of the composite structure (MoSe2+H) between steps 1 and 2. The outcome of these
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calculations is displayed in Figure 3.1(b) from which we immediately see that the
electronic contribution towards H adsorption is generally thermodynamically unfavorable
because of positive values of ∆GElectronic; nevertheless, there is a clear trend wherein
∆GElectronic decreases with electron doping indicating the benefit of substitutional doping
with electron-rich dopants. On the other hand, structural relaxation is beneficial for H
adsorption, and ∆GStructural decreases monotonically from Mn to Co reflecting a combined
effect of atomic size mismatch between Mo and the TM dopant atoms as well as symmetry
breaking (Jahn-Teller effect). However, the Ni-doped case deviates from this decreasing
trend and this deviation can be rationalized by the entirely different structure that arises
from the Ni-Se bond breaking that leaves behind an undercoordinated Se atom, as
discussed earlier. Interestingly, in the Ni-doped case, ∆GStructural is sufficiently negative
relative to ∆GElectronic, to render the overall H-adsorption process thermodynamically
favorable. Overall, from these results, we see that the selected TM dopants promote
favorable H-Se electronic interaction and also increase structural stabilization during the
H-adsorption process to improve the overall thermodynamics of H adsorption.
To understand further the electronic interactions between the MoSe2 basal plane and
hydrogen, we investigated the electronic structure of the Se atom that serves as the Hadsorption site in a defect-free basal plane (Figure 3.2). In the absence of dopants, the 2HMoSe2 monolayer is semiconducting and there are no states in the vicinity of the Fermi
level to enable favorable bonding with H atoms [Figure 3.2(b)]. With the introduction of
TM dopants [Figures 3.2(c)-(f)], we notice the emergence of partially-filled Se p-states at
the Fermi level, rendering the adsorption site metallic in nature. In particular, with
increasing
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Figure 3.2. (a) Schematic of MoSe2 basal plane. The TM dopant and its nearest
neighbor Se site (H-adsorption site) are shown by pink and orange spheres, respectively.
Angular-momentum-projected density of states (DOS) of the H-adsorption site (Se ontop site) on (b) undoped, (c) Mn-doped, (d) Fe-doped, (e) Co-doped, and (f) Ni-doped
basal planes; red, green, and blue solid lines represent DOS of s, p and d bands,
respectively, of the Se on-top adsorption site; vertical black dashed lines indicate the
Fermi level. For consistency, all energies are reported relative to the vacuum level.

d-electron count of TM dopants, the density of these partially-filled states at the Fermi level
increases, explaining the observed energetic trend of more favorable H-Se electronic
interactions in going from Mn to Ni. The stronger H-Se interactions in the doped cases are
also reflected in the electronic structures of the doped MLs with adsorbed H (Figure G2),
wherein we observe a monotonic shift of the H-Se bonding states to lower energies with
increasing d-electron count of the dopant.
53

Overall, we conclude from these studies that, while substitution of Mo can, in principle, be
used to tailor the HER activity of neighboring Se atoms, the effects are still insufficient to
achieve activation of the pristine basal plane with the sole exception of Ni doping.

Se Vacancy Formation in Basal Planes
It is well known that chalcogen vacancies are ubiquitous in layered dichalcogenides and
are often the most active sites for HER.58,151–155 Thus, we must also consider H adsorption
at Se vacancies (VSe) to draw any firm conclusions regarding the influence of TM dopants
on basal plane activity. Thus, we now examine the thermodynamics of electrochemical
vacancy formation in doped MoSe2 monolayers, after which we report H adsorption
energies at VSe sites. Chalcogen vacancy defects are created in TMDs during synthesis and
can also be generated post-synthesis by methods like ion/electron irradiation, annealing, or
plasma treatment.193,194 A recent study by Tsai et al.58 suggested an electrochemical route
for the generation of chalcogen vacancies in TMDs, wherein sulfur vacancies in MoS2 can
be generated by increasing the applied cathodic potentials during HER. Similarly, Se
vacancies in MoSe2 can be generated via electrochemical deselenization, the overall
reaction for which is
∗

𝑆𝑒 + 2(𝐻 + + 𝑒 − ) → 𝐻2 𝑆𝑒(𝑔) + ∗ ,

(3.3)

where *Se is the reacting Se
MoSe2 surface, (H+ + e-) is a proton-electron pair
∗ atom on the
𝑆𝑒 + 2(𝐻 + + 𝑒 − ) → 𝐻2 𝑆𝑒(𝑔) + ∗ ,
(3.3)
transferred to the catalyst, and * is the resulting Se vacancy (VSe) created in the MoSe2
surface. In the electrochemical deselenization reaction (DSR) reaction, two (H+ + e-) pairs
are transferred sequentially as
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∗
∗

𝑆𝑒 + (𝐻 + + 𝑒 − ) → ∗ 𝑆𝑒𝐻

(3.4)

𝑆𝑒𝐻 + (𝐻 + + 𝑒 − ) → 𝐻2 𝑆𝑒(𝑔) + ∗ .

(3.5)

Note that the first step of DSR (Equation 3.4) is also the Volmer step of HER, which
∗ HER
+
implies that both DSR and
on MoSe2 to generate H2Se(g) and (3.4)
H2,(g),
𝑆𝑒 + (𝐻will
+ compete
𝑒 − ) → ∗ 𝑆𝑒𝐻
−)
∗ ∆GDSR, is calculated as
respectively. The reaction∗ 𝑆𝑒𝐻
free-energy
for𝑒DSR
+ (𝐻 + +
→(Equation
𝐻2 𝑆𝑒(𝑔) +3.3),
.
(3.5)

∆𝐺𝐷𝑆𝑅 = 𝐸𝑀𝐿+𝑉𝑆𝑒 + 𝐸𝐻2 𝑆𝑒,(𝑔) − 𝐸𝑀𝐿 − 𝐸𝐻2,(𝑔) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,

(3.6)

∆𝐸𝑍𝑃𝐸 = 𝐸𝑍𝑃𝐸,𝑀𝐿+𝑉𝑆𝑒 + 𝐸𝑍𝑃𝐸,𝐻2 𝑆𝑒(𝑔) − 𝐸𝑍𝑃𝐸,𝑀𝐿 − 𝐸𝑍𝑃𝐸,𝐻2 (𝑔),

(3.7)

∆𝑆 = 𝑆𝑣𝑖𝑏,𝑀𝐿+𝑉𝑆𝑒 + 𝑆𝐻° 2𝑆𝑒(𝑔) − 𝑆𝑣𝑖𝑏,𝑀𝐿 − 𝑆𝐻° 2(𝑔) ,

(3.8)

where
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focus
2Se
on Se vacancy formation at the nearest-neighbor sites of the TM dopant, which we can
expect to be maximally perturbed by the introduction of the dopant atom.161 At the basal
plane, both HER and DSR occur at the same Se top site [Figure 3.3(a)]. Figure 3.3(b)
displays ∆GDSR for undoped and TM-doped MoSe2, from which we see that the energy for
Se vacancy formation is highest in the undoped monolayer and progressively decreases
from Mn- to Ni-doped cases. Nevertheless, ∆GDSR is sufficiently positive in all cases
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implying that moderate to large cathodic potentials are required to initiate vacancy
formation (Table 3.1), even though the decrease in ∆GDSR from the undoped to the Nidoped case is quite significant (~1.8 eV).
Table 3.1. Limiting (cathodic) potentials (vs. RHE) for HER (UL, HER) and DSR (UL,
DSR) on basal planes, Se edges, and Mo edges of undoped and TM-doped MoSe2;
dashes indicate that H adsorption or DSR are thermodynamically favorable at standard
conditions.
UL, HER (V)

UL, DSR (V)

TM
Dopant
Undoped

Basal
plane
-1.99

Se edge
θSe=1.0
-

Mo edge
θSe=0.5
-

Basal
plane
-1.30

Se edge
θSe=1.0
-0.34

Mo edge
θSe=0.5
-0.56

Mn

-1.06

-0.05

-0.27

-0.92

-0.12

-0.38

Fe

-0.76

-

-0.28

-0.77

-0.17

-0.45

Co

-0.23

-0.06

-0.27

-0.55

-0.16

-0.36

Ni

-

-0.13

-0.07

-0.39

-0.09

-0.23

Table 3.2. Relative change in TM-Se (∆dTM-Se/dTM-Se) and nearest-neighbor Mo-Se
(∆dMo-Se/dMo-Se) bond lengths upon H adsorption at a Se atom in the basal plane; dSe-H
is the distance between the Se atom (adsorption site) and adsorbed H atom [see Figure
3.3(a) for labeling of bonds]
∆dMo-Se/dMo-Se
(%)
+0.39

dSe-H (Å)

Undoped

∆dTM-Se/dTM-Se
(%)
+10.63

Mn

+23.77

+2.75

1.54

Fe

+29.22

+3.14

1.52

Co

+33.47

+3.14

1.51

Ni

+34.27

+2.75

1.51

TM Dopant
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1.57

Figure 3.3. (a) Schematic of defect-free MoSe2 basal plane with H adsorbed at an Se
on-top site (represented by orange sphere); dSe-H, dTM-Se, and dMo-Se are bond lengths
between indicated Se-H, TM-Se, and Mo-Se atoms, respectively, after H-adsorption.
(b) Reaction free-energy for DSR (∆GDSR) at undoped (Mo) and TM-doped MoSe2
basal planes. (c) ∆GH at VSe site on undoped (Mo) and TM-doped MoSe2 basal planes.
VSe site is created by the removal of one Se atom (H-adsorption site represented by
orange sphere) from the basal plane. The blue dashed line represents ∆GH for the
Pt(111) surface at low (1/9 monolayer) H-coverage.

The trends in ∆GDSR for the basal plane can be understood by examining jointly the
electronic structure of the Se site for H adsorption in the Volmer step (Equation 3.4) and
local structural changes caused by this H-adsorption event. As noted previously, TM
doping of MoSe2 leads to the emergence of half-filled p states at Se nearest neighbors of
the dopant atom. These Se p states are higher in energy than those in undoped MoSe2,
which is indicative of electronic destabilization of the Se neighbors by the TM dopants;
this destabilizing effect is amplified from Mn to Ni, as discussed before. Upon H adsorption
at these Se on-top sites, there is a significant change in local structure that can be quantified
by examining the Mo-Se and TM-Se bond lengths [Figure 3.3(a) and Table 3.2].
Specifically, we see from Table 3.2 that the TM-Se and Mo-Se bonds are elongated
(weakening of bonds) around the adsorption site. In the undoped case, H adsorption breaks
C3v symmetry with one Mo-Se bond elongating by ~11% (Table 3.2). For the doped cases,
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the elongation in TM-Se bond length is even more substantial, increasing monotonically
from Mn (~24%) to Ni (~34%); the Mo-Se bond elongation is comparatively smaller but
still non-negligible (~3% elongation). The Se-H bond, on the other hand, shortens upon the
introduction of a TM dopant, ranging from ~2% for Mn to ~4% for Ni. Collectively, these
observations indicate that (a) H adsorption weakens the Mo-Se and TM-Se bonds, which
is then conducive to vacancy formation (via DSR), and (b) destabilization of the Se on-top
site is more pronounced with increasing d-electron count of the dopant atom, making
vacancy formation more energetically feasible.

H Adsorption at Se Vacancy Sites
To complete the analysis of pristine vs. doped basal planes, we finally examine H
adsorption at the VSe sites. As seen from the data in Figure 3.3(c), ∆GH ≈0 only for VSe sites
in the undoped basal plane. VSe sites in Ni-doped MoSe2 bind H slightly more strongly,
although with small ∆GH ≈ -0.07 eV. However, for Mn-, Fe- and Co-doped MoSe2, H tends
to overbind at VSe sites (∆GH ~ -0.20 eV); nevertheless, these VSe sites might still be
expected to be active for HER given that their ∆GH values are comparable to the active Pt
(111) surface, i.e., with the consideration of kinetics, the required overpotential could push
cathodic potentials towards 0 V.

Effect of TM Dopants on HER vs. DSR Thermodynamics
As HER and DSR can compete for active sites on the basal plane, it is important to
understand the impact of TM dopants on the thermodynamics of the two competing
reactions. Accordingly, we employed the Computational Hydrogen Electrode (CHE)195
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model to calculate the limiting potential (UL), relative to the reversible hydrogen electrode
(RHE), required to render HER and DSR exergonic (Figure G3). The reaction Gibbs freeenergy, ∆𝐺, at an applied electrode potential, UL, is calculated as195
∆𝐺 = ∆𝐸 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆 − 𝑛 𝑒 − 𝑈𝐿 ,

(3.9)

∆𝐺 = ∆𝐸 + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆 − 𝑛 𝑒 − 𝑈𝐿 ,
(3.9)
where ∆𝐸 is the DFT reaction energy at 0 K, ∆𝐸𝑍𝑃𝐸 is the difference of zero-point energies
of products and reactants, ∆𝑆 is the change in entropy for the reaction step at standard
temperature (T = 300 K), n is the number of (H++e-) pairs transferred in the reaction step,
and UL is the limiting electrode potential (relative to RHE) required to render the reaction
exergonic (∆G=0). UL is only reported here when the reaction is thermodynamically
unfavorable at standard conditions, i.e., when ∆G° = (∆E+∆EZPE-T∆S) > 0; for HER: ∆G°
= ∆GH, and DSR: ∆G° = ∆GDSR. On the catalyst surface, HER and DSR occur after the
transfer of one and two successive (H+ + e-) pairs, respectively. At low overpotentials (UL
~ 0 V) except for the Ni-doped case, both HER and DSR are thermodynamically uphill
regardless of the choice of TM dopant, HER being more favorable than DSR. For the Nidoped case, only DSR is thermodynamically uphill in energy while HER has negative freeenergy, which indicates that H adsorption is spontaneous. Upon increasing the cathodic
potential (Figure G3 and Table 3.1) DSR becomes exergonic before HER at lower UL for
undoped and Mn-doped MoSe2; for the Fe-doped case, both HER and DSR occur at nearly
the same UL whereas, for the Co-doped case, the onset of HER occurs before DSR. While
the details of the onset of HER vs. DSR are sensitive to the choice of TM dopant, in all
TM-doped cases we note that the limiting potentials required for both HER and DSR are
lower than that for the undoped basal plane case. This is consistent with prior experiments
that report lower overpotentials for HER on TM-doped MoSe2 catalysts;161,173 we are not
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aware of similar reports for DSR but our predictions can be verified using procedures
similar to those reported in the literature.58,178,179

3.3.2 Doped Edges of 2H-MoSe2
Edges of TMDs are well known to be highly active for HER9,57,66,140–145 and prior studies
on MoSe2,66,143 specifically, have shown that the HER activity can be improved by
exposing more edges sites. Thus, we sought to understand the role of TM dopants at the
edges of MoSe2, and for this purpose, we considered two well-studied edge terminations,
namely, the Se edge with 100% Se-coverage (θSe=1.0) and the Mo-edge with 50% Secoverage (θSe=0.5). The Mo edge with 100% Se-coverage was excluded because 100% Secoverage was found to be thermodynamically less stable than 50% Se coverage (Figure
G4). The Se coverage (θSe) at an edge is calculated as, 𝜃𝑆𝑒 = 𝑛𝑆𝑒 ⁄(2 × 𝑛𝑀𝑜 ), where
𝑛𝑆𝑒 and 𝑛𝑀𝑜 are the number of Se and Mo atoms at the edge, respectively.

3.3.2.1 Se edge (θSe=1.0)
Structure of Doped Edges
Similar to the basal plane, at the Se edge (θSe=1.0) Mo atoms are sixfold coordinated to Se.
Along this edge, we also observe that every other pair of Se atoms tends to dimerize and
this reconstruction is well known from previous studies.141,196 After TM doping, clear
distortions in the local edge structure are observed due to the smaller size of the TM dopants
relative to the Mo atom (Table G3). Specifically, in all TM-doped cases, the TM-atom–Se
bonds are shorter than Mo–Se bond: in Mn- and Fe-doped cases, the TM dopant
nevertheless remains sixfold coordinated; however, for Co- and Ni-doped cases, the
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dopant atoms are only fivefold coordinated while the sixth Se atom is repelled away from
dopant to form a stronger bond (shorter bond distance) with adjacent Mo and Se atoms
(Figure G5 and Table G3).

Hydrogen Adsorption at Defect-Free Edges
Figure 3.4(g) displays ∆GH at undoped and doped Se edges (θSe=1.0). The Se edge of
undoped MoSe2 optimally binds the adsorbed H atom (∆GH ≈ 0.00 eV); with Fe-doping
also, ∆GH is negligibly small (~ 1 meV) indicative of nearly optimal binding of H for HER.
For the remaining dopants, H is slightly under bound at the edges, with ∆GH of about 50,
60, and 130 meV for Mn, Co, and Ni, respectively. Nevertheless, these adsorption energies
are much smaller (less positive) than those on the basal plane suggesting that HER can be
initiated at much lower cathodic potentials.
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Figure 3.4. Side view of the relaxed structures of Se edges (θSe=1.0): (a, b) H adsorption
at a dimerized Se atom (Mo1) and a non-dimerized Se atom (Mo2) on the undoped Se
edge, the Mo1 case being energetically preferred; (c)-(f) TM-doped Se edges with H
adsorbed at the (most favorable) non-dimerized Se sites. (g) Free-energy change of H
adsorption (∆GH) at undoped (Mo) and TM-doped Se edges: yellow and green bars
show approximate contribution of electronic interactions between H and the MoSe2 ML
(∆GElectronic) and structural relaxation (∆GStructural) towards the free-energy of H
adsorption (∆GH=∆GElectronic+∆GStructural). The blue dashed line indicates ∆GH for the
Pt(111) surface at low (1/9 monolayer) H-coverage. Violet, green, pink, golden, blue,
grey, and red spheres represent Mo, Se, Mn, Fe, Co, Ni and H atoms, respectively.
From the structural models in Figures 3.4(a-f) and Figure G6, we note that the most
favorable H-adsorption site on undoped and TM-doped Se edges are different and the large
structural distortions at Se edges render these sites rather dissimilar (Table G3). In
particular, when we examined H adsorption on the undoped edge at a non-dimerized Se
atom, [Figure 3.4(b), and Figure G6] which is the favored adsorption sites on a doped edge,
we found this site to be less stable for H adsorption (∆GH = +0.13 eV, Mo2) than a dimerized
Se site (∆GH = 0.0 eV, Mo1). This is somewhat counterintuitive as H adsorption could be
expected to be stronger at the non-dimerized Se atom, which is undercoordinated relative
to the dimerized one. However, structural distortions upon H adsorption turn, as quantified
by ∆GStructural in Figure 3.4(g), out to be sufficiently important such that breaking a Se dimer
is less energetically expensive than destabilizing metal-Se bonds. Similar observations
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were also reported by Nørskov and coworkers141,196 for S/Se edges of MoS2 and WSe2
monolayers. We also note that variations in ∆GH between the various doped edges are small
(~ 50-130 meV) and there are no clear trends in ∆GH after TM-doping. In general, at the
Se edge, we see that TM dopants have a small destabilizing effect on H adsorption, which
is determined by the complex interplay of electronic interactions and structural relaxation.
On comparing ∆GElectronic and ∆GStructural for H adsorption at a non-dimerized Se atom, we
find that TM dopants have a negligible influence on electronic interactions between the Se
edge and H: ∆GElectronic remains nearly unchanged between 0.43 eV to 0.47 eV after TM
doping except for the Fe-doped case for which ∆GElectronic = +0.55 eV. ∆GStructural, on the
other hand, varies between -0.55 eV to -0.34 eV after doping and is insufficient to
overcome larger ∆GElectronic. We further investigated the electronic structures and local
geometries of the Se edges and found that, after TM doping, Se atoms (non-dimerized Se
adsorption sites) have fairly similar electronic structures [Figure G7 (b)-(f)], which
explains the nearly constant ∆GElectronic in Figure 3.4(g). The local structural changes caused
by the TM dopants can explain the slight destabilization of H adsorption (see dTM-B in Table
G3), as metal-Se and Se-Se bonds near the dopant site become shorter—and thus
stronger—rendering the Se atoms near the dopant site less suitable for H adsorption (i.e.,
slightly more positive ∆GH).

Se vacancy Formation at Edges
At undoped and TM-doped Se edges, Se vacancy formation (via DSR) is always found to
be most favorable at a non-dimerized Se atom (Figure G6). Following a similar approach
as for the basal plane, we calculated ∆GDSR for removal of a non-dimerized Se atom from
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the Se edge and, as seen from Figure 3.5(b), the effect of TM doping is significant. In
particular, ∆GDSR decreases from nearly 0.68 eV for the undoped Se edge to less than 0.34
eV for TM-doped Se edges. Also, these DSR energies—essentially, vacancy formation
energies, up to an additive constant—are much smaller than those for the basal plane for
which the smallest ∆GDSR (Ni-doped case) was ~ 0.77 eV. Thus, we may expect a higher
probability of inducing Se vacancies at the Se edge than in the basal plane for all TM
dopants considered here.
To understand trends in DSR energetics, we focus on structural distortions caused by H
adsorption (Volmer step) during DSR; the electronic structures of the non-dimerized Seatoms (H-adsorption sites) are less useful for our present purposes, being rather similar as
noted previously. For undoped Se edges, Mo-Se bond lengths are elongated after H
adsorption (Table 3.3), which implies that the Se atom is weakly attached to the Se edge
after H adsorption. Upon introducing a TM dopant, H adsorption at a nearest-neighbor Se
site is also accompanied by ~6-8% elongation of the Mo-Se bond while the TM-Se bond
remains mostly unaffected [Table 3.3; Figure 3.5(a)]. This weakening of the Mo-Se bond
makes it easier for Se vacancies to be generated upon attack by a second proton and the
trends in Mo-Se bond elongation are indeed directly correlated with the calculated ∆GDSR
[Table 3.3; Figure 3.5(b)].

Hydrogen Adsorption at Se Vacancies
Contrary to the defect-free Se edge, the impact of TM doping on H adsorption at a Se
vacancy (VSe) is found to be substantial [Figure 3.5(c)]. First, we note that ∆GH = +0.04 eV
at a VSe site on undoped Se edge, which is again indicative of slight under-binding of H,
unlike the defect-free edge. After TM doping though, H binding at this VSe site is stronger:
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in all TM-doped cases, ∆GH becomes more negative and varies between -0.15 eV and 0.21 eV. In short, TM doping will make the VSe site at a Se edge more favorable for HER.
Thus, in conjunction with the fact that Se vacancies at edges are more readily formed upon
TM doping, we conclude that TM-doping at Se edges could indeed boost HER activity.

Figure 3.5. (a) Top view of the Se edge (θSe=1.0) indicating bond lengths between MoSe, TM-Se and Se-H atoms (dMo-Se, dTM-Se, and dSe-H, respectively); a Se vacancy (VSe) is
created by the removal of one non-dimerized Se atom at the Se edge, marked by a black
star. (b) ∆GDSR at undoped and TM-doped Se edges. (c) ∆GH at VSe site on undoped and
TM-doped MoSe2 Se edge. The blue dashed line indicates ∆GH for Pt(111) at low (1/9
monolayer) H-coverage.

Table 3.3. Relative change in TM-Se (∆dTM-Se/dTM-Se) and nearest-neighbor Mo-Se
(∆dMo-Se/dMo-Se) bond lengths upon H adsorption at a non-dimerized Se atom along the
Se edge; dSe-H is the distance between the Se atom (adsorption site) and adsorbed H atom
[see Figure 3.5(a) for labeling of bonds] at Se edge.
TM Dopant

∆dTM-Se/dTM-Se (%)

∆dMo-Se/dMo-Se (%)

dSe—H (Å)

Mo (Undoped)

+2.38

+5.26

1.50

Mn

+0.41

+6.91

1.51

Fe

-0.83

+6.94

1.51

Co

-0.42

+8.20

1.51

Ni

+0.00

+7.41

1.50
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HER vs. DSR Thermodynamics
On undoped Se edges, H adsorption is already thermodynamically neutral at zero applied
voltage whereas DSR is uphill in energy [Figure G8 (a)] requiring a limiting potential of
about -0.34 V to become exergonic (Table 3.1). Thus, it is unlikely that HER and DSR will
compete at low cathodic potentials. Upon TM doping of Se edges, ∆GDSR decreases
significantly, as noted above, and thus the limiting potential for DSR is also substantially
reduced (Table 3.1). Additionally, the free-energy difference between DSR and HER also
decreases significantly [Figure G8 (b)-(e)] and both reactions become competitive at lower
limiting potentials with UL, DSR and UL, HER lying within a window of -50 mV to -170 mV
for all dopants considered here (Table 3.1). Specifically, for the Mn- and Co-doped Se
edges, HER become exergonic at smaller limiting potentials of -50 mV and -60 mV,
respectively; DSR, on the other hand, needs marginally higher limiting potentials of -120
mV and -160 mV on Mn- and Co-doped Se edges, respectively; for Ni-doped Se edge,
DSR becomes exergonic at lower limiting potentials than HER; for the Fe-doped Se edge,
H adsorption is already thermodynamically neutral at zero applied voltage whereas DSR is
uphill in energy and requires a limiting potential of about -170 mV to become exergonic.
In short, we expect that these VSe active sites can be electrochemically induced at fairly
low cathodic potentials providing a facile route for further activation of TM-doped MoSe2.

3.3.2.2 Mo edge (θSe=0.5)
An earlier study141 showed that the Mo edge of MoSe2 is more thermodynamically stable
at 50% Se coverage (θSe = 0.5) than at 100% Se-coverage (θSe = 1.0). We have
independently confirmed those results for pristine MoSe2 and also found this partial
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coverage to be preferred for our TM-doped cases (Figure G4). Thus, we only focus on the
θSe = 0.5 Mo edge for the remainder of this paper.

Structure of Doped Edges
At the undoped Mo edge (θSe=0.5), each Mo atom is sixfold coordinated to Se (Figure G9).
After TM doping, due to the smaller atomic sizes of the selected dopants, the Mo-Se and
TM-Se bond lengths decrease (Table G4), and TM dopant remains sixfold coordinated to
Se atoms like other Mo atoms. Unlike Co- and Ni-doped Se edges, no major edge
reconstructions are observed at Mo edge due to doping.

Figure 3.6. Side views of the relaxed structures of (a) undoped, (b)-(e) TM-doped Mo
edges (θSe = 0.5) with H adsorbed at most favorable adsorption sites. (f) Free-energy
change of H adsorption (∆GH) at undoped (Mo) and TM-doped Mo edges: yellow and
green bars show approximate contribution of electronic interactions between H and
MoSe2 ML (∆GElectronic) and structural relaxation (∆GStructural) towards the free-energy of
H adsorption ∆GH (∆GH=∆GElectronic+∆GStructural). The blue dashed line indicates ∆GH
for Pt(111) at low (1/9 monolayer) H-coverage. Violet, green, pink, golden, blue, grey,
and red spheres represent Mo, Se, Mn, Fe, Co, Ni and H atoms, respectively.

Hydrogen Adsorption at Defect-Free Edges
Figures 3.6 (a)-(e) and Figure G9 display the most favorable sites for H adsorption at
undoped and TM-doped Mo edges. ∆GH for the undoped Mo edge is -0.01 eV [Figure
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3.6(f)] leading to optimal binding of H for HER. After TM-doping, we find consistent
destabilization of H adsorption at the Mo edge. With Mn, Fe, and Co doping H-adsorption
is significantly destabilized (excessive under-binding; ∆GH = +0.27 eV), while Ni doping
results in small under-binding of H with ∆GH = +0.07 eV. By decomposing ∆GH into
electronic (∆GElectronic) and structural (∆GStructural) contributions [Figure 3.6 (f)], we find that
the electronic contribution is destabilizing for all dopants. The structural contribution, on
the other hand, is always stabilizing but insufficient to overcome electronic destabilization
in the TM-doped cases.
The unfavorable electronic interactions between the Mo edge (θSe=0.5) and H atoms upon
TM doping can be explained by examining the electronic structure of the H-adsorption
sites. From Figure G11 (b)-(f), we see that the density of half-filled p-states near the Fermilevel is small for the undoped and Ni-doped Mo edges, which translates into weaker Se-H
interactions and more positive ∆GElectronic. While on Mn-, Fe- and Co-doped Mo edges, the
density of half-filled p-states near the Fermi-level is relatively higher than the undoped Mo
edge and this results in smaller ∆GElectronic than the undoped case by at least 0.10 eV.
However, less stabilization is achieved from structural relaxation during H-adsorption on
Mn-, Fe- and Co-doped Mo edges due to TM-Se bonds being stronger (shorter by ~ 4-6%)
than the Mo-Se bond in the undoped Mo edge. (Table G4).

Se vacancy Formation at Edges
The undoped Mo edge (θSe=0.5) has ∆GDSR of 1.12 eV [Figure 3.7(b)], which suggests that
a large cathodic potential is required for electrochemical creation of a Se vacancy. With
TM doping, however, ∆GDSR is significantly reduced in all cases: for Mn-, Co-, and Nidoped edges, ∆GDSR decreases by 0.36 eV, 0.39 eV, and 0.66 eV, respectively, relative to
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the undoped edge; for the Fe-doped case, the decrease is more modest (0.22 eV). It is also
interesting that, for the Mo edge (unlike the basal plane or Se edges), the active sites for
HER and DSR can be different as seen for the Co-doped case (Figure G9). This observation
could potentially be of interest to bifunctional effects at Mo edges in more complex
reactions.
Table 3.4. Relative change in TM-Se (∆dTM-Se/dTM-Se) and nearest-neighbor Mo-Se
(∆dMo-Se/dMo-Se) bond lengths upon H adsorption at a Se atom in the Mo edge (θSe=0.5);
dSe-H is the distance between the Se atom and an adsorbed H atom [see Figure 3.7 (a)].
TM Dopant

∆dTM-Se/dTM-Se
(%)

∆dMo-Se/dMo-Se (%)

dSe—H (Å)

Mo (Undoped)

+3.11

+3.88

1.50

Mn

+2.85

+5.12

1.50

Fe

+1.66

+5.12

1.50

Co

+0.00

+5.58

1.50

Ni

+38.71

+2.00

1.50

For rationalizing the trends in ∆GDSR for TM-doped Mo-edges (θSe=0.5) [Figure 3.7(b)],
we considered the influence of H adsorption on the local structure of the Mo edge and the
stability of metal-Se bonds. As seen from Table 3.4, H adsorption at Mo edges (θSe=0.5)
causes elongation of both TM-Se and Mo-Se bonds (by several percent) effectively
weakening the binding of the Se atom to the edge. For the Mn- and Co-doped cases, the
metal-Se bonds are elongated by nearly similar amounts resulting in, comparable values of
∆GDSR (~ 0.75 eV). However, for the Fe-doped case, the metal-Se bond elongation is
slightly small upon H adsorption when compared with other doped cases, this results in a
slightly larger ∆GDSR relative to other doped Mo edges. For the Ni-doped case, interestingly
the Ni-Se bond length gets elongated by nearly 39% indicating significantly weaker Ni-Se
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bond upon H adsorption, which ultimately facilitates deselenization and result in a much
smaller ∆GDSR of 0.46 eV.

Figure 3.7. (a) Schematic of Mo edge (θSe=0.5) indicating bond lengths between MoSe, TM-Se and Se-H atoms (dMo-Se, dTM-Se, and dSe-H, respectively). A Se vacancy (VSe)
is created by removal of one Se atom at the Mo edge, marked by a black star. (b) ∆GDSR
at undoped and TM-doped Mo edges (θSe=0.5) (c) ∆GH at VSe sites in undoped and TMdoped MoSe2 Mo edges (θSe=0.5).

Hydrogen adsorption at Se Vacancies
Figure 3.7 (c) displays ∆GH for H adsorption at VSe sites at the Mo edge (θSe=0.5); We
observe that VSe sites in undoped and Ni-doped Mo edges (θSe=0.5) have ∆GH of 0.14 eV
and 0.08 eV, respectively, and these VSe sites could potentially be activated at low cathodic
potentials. On the other hand, VSe sites in Mn-, Fe- and Co-doped Mo edges (θSe=0.5) are
found to have large and positive ∆GH > +0.35 eV, indicating that these sites will require
larger cathodic potentials and are not particularly desirable for HER.

HER vs. DSR Thermodynamics
On undoped and defect-free Mo edges (θSe=0.5), H adsorption is already
thermodynamically neutral or slightly downhill in energy at 0 V; DSR requires a limiting
potential of -0.56 V [Figure G12 (a) and Table 3.1] and HER at the VSe site becomes
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exergonic at small limiting (cathodic) potentials of -0.14 V. On TM-doped Mo edges, DSR
occurs at lower limiting potentials (UL,

DSR),

relative to the undoped Mo edge, lying

between -0.23 V to -0.45 V, but DSR (or VSe formation) is not desirable on doped Mo
edges (except on Ni-doped Mo edge) because of the thermodynamically unfavorable ∆GH
> +0.35 eV at VSe sites [Figure 3.7(c)]. Moreover, the limiting cathodic potentials for HER
(UL, HER) on all doped edges are larger than the undoped Mo edge, UL, HER of nearly -0.28
V is needed for HER on all doped Mo edges except on the Ni-doped Mo edge which
requires a small UL, HER of -0.07 V. In all doped cases, UL, HER is smaller than UL, DSR by at
least 90 mV which indicates that these two processes will likely not compete at low
overpotentials.
In summary, unlike the Se edge, VSe sites are less desirable at Mo edges, requiring larger
cathodic potentials for HER. However, since the formation of vacancy sites at Mo edges
requires larger limiting potentials than at the Se edge (Table 3.1), it might be possible to
work within a potential window wherein active VSe sites can be generated preferentially at
the Se edge thereby not compromising the reasonable HER activity of defect-free Mo
edges.
3.4 HER Active Sites in Transition-metal Doped MoSe2 Electrocatalyst
According to the Sabatier principle,12 an ideal HER catalyst surface binds H neither too
strongly nor too weakly for facile hydrogen evolution, and this concept is graphically
represented by the so-called volcano plot between the HER activity and the hydrogen
binding energy (HBE). The HBE is defined as
𝐻𝐵𝐸 = 𝐸𝑀𝐿+𝐻 − 𝐸𝑀𝐿 −
𝐻𝐵𝐸 = 𝐸𝑀𝐿+𝐻 − 𝐸𝑀𝐿 −
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𝐸𝐻2
2
𝐸𝐻2
2

,

(3.10)

,

(3.10)

where 𝐸𝑀𝐿+𝐻 , 𝐸𝑀𝐿 , and 𝐸𝐻2 are the 0K DFT energies defined previously in Equation 3.2;
we use the HBE rather than ∆GH here as this metric is more commonly used in the literature
41,47

. The peak of the volcano corresponds to the maximum HER activity and optimal HBE

of an ideal catalyst. For HER in an acidic medium, in particular, Esposito et al.47 have
reported

Figure 3.8. Volcano plot for HER in an acidic medium: the HER exchange current
densities [log(i0)] is plotted against the hydrogen binding energy (HBE). The HER
exchange current densities of TM-doped MoSe2 are estimated by superimposing their
calculated HBEs over the volcano plot (black dashed lines) of Esposito et al.47 TMdoped basal plane, Mo-edge and Se-edge are abbreviated as TM-BSL, TM-Mo-edge
and TM-Se-edge, respectively.

that optimal HBE for an ideal catalyst surface is -0.37 eV; the Pt(111) surface—an
excellent HER catalyst—has HBE of -0.47 eV for low (1/9 monolayer) H-coverage and
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lies near the peak of the volcano plot. To evaluate, at least approximately, the HER
activities of the various active sites studied here, we superimposed our data over the
volcano plot that was generated by Esposito et al.47 for various transition-metals, transitionmetal carbides, and metal overlayer supported on transition-metal-carbides surfaces (black
dashed lines in Figure 3.8). We emphasize that we have not calculated the HER exchange
current densities [log(i0)] here and are merely extrapolating the potential activity of our
studied catalysts by superimposing data points for our calculated HBEs over the volcano
plot. Additionally, we have not included the effects of reaction kinetics on HER activity
and are solely using thermodynamic descriptor (HBE) to estimate HER activities of various
MoSe2 sites from a thermodynamic volcano plot (Figure 3.8). Though in practice both
reaction thermodynamics and kinetics are important in determining the HER activity of a
catalyst, specifically for HER on TMDs like MoSe2 and MoS2, both reaction kinetics and
thermodynamics are known to have a significant influence on HER activity.153,197–199 Also,
our calculated HBE for Pt (111) with 1/9 monolayer H-coverage is in close agreement with
the value reported by Esposito et al. 47 and so we do not apply any additional corrections
(shifts) to the HBE.
In Figure 3.8, we display all sites of the MoSe2 electrocatalyst (pristine or doped) which
lie near Pt(111)—the “gold-standard” HER catalyst—and closer to the peak of the volcano
plot; positions of other sites with relatively poor HER activities on this volcano plot are
reported in Figure G13 for completeness. In accordance with previous studies,66,143 we see
that defect-free Mo edges and Se edges of undoped MoSe2 are highly active for HER. For
all TM-doped MoSe2 cases considered here, Se vacancy sites on Se edges and within the
basal plane emerge as new active sites for HER, and they are likely to have equal or better
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HER activities than their respective counterparts in undoped MoSe2; specifically, a Se
vacancy in Fe-doped Se edge (θSe=1.0) has an ideal site like optimal HBE for facile HER.
Defect-free Se and Mo edges of TM-doped MoSe2, on the other hand, do not show
improved HER activities, and among all defect-free doped edge sites, only Fe-doped Seedge (θSe=1.0) retain its higher HER activity. The most important observation from Figure
3.8 is that all dopants render Se vacancy sites on the basal plane more active for HER;
especially with Co-doping, basal plane Se vacancies, and with Ni doping, both basal planes
Se vacancies and Se on-top sites (defect-free case) become highly active for HER. Thus,
based on the volcano plot analysis, we conclude that Co and Ni are highly promising
candidates for enhancing the electrocatalytic activity of MoSe2 towards HER, as these
dopants activate the basal plane, which constitutes most of the surface area of the 2D
material.
As mentioned in the introduction, many previous studies58,66,140,143,156–158 have also
modified TMDs like MoS2, MoSe2, WS2, and WSe2 with various TM dopants and
improved their respective catalytic activities for HER. However, further experiments are
needed for a comprehensive and systematic comparison of HER activities of various TMdoped TMDs, to identify the most suitable combination of TM dopants and TMDs for
HER.

3.5 Conclusions
Using the first-principles DFT calculations, we investigated select electron-rich transitionmetal (TM) dopants—Mn, Fe, Co, and Ni—for the activation of MoSe2 towards
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electrochemical hydrogen evolution reaction (HER) in acidic media. The key findings of
our study may be summarized as follows:
(1) The selected TM dopants introduce excess electrons in MoSe2 and modify the
electronic structure of the inert semiconducting basal plane, making it slightly more
conducive—although far from ideal—for HER. Specifically, TM dopants increase
the density of half-filled p-states near the Fermi level and enable the formation of
stronger Se-H bonds. Ni doping is the one promising case for basal plane activation,
as H adsorption actually becomes thermodynamically favorable at nearest-neighbor
Se top sites in the defect-free basal plane, and these Se top sites are potentially
highly active towards HER. Thus, Ni doping might be a broadly applicable strategy
for activating the large basal planes of TMDs although the occurrence of such sites
might be small due to the high energy of substitution (Table G2).
(2) All TM dopants studied here can activate the basal plane by promoting the
formation of HER-active Se vacancies in the MoSe2 basal plane via the
electrochemical deselenization reaction (DSR) at relatively small cathodic
potentials. Se vacancy formation becomes thermodynamically more feasible in
TM-doped basal planes due to the combination of electronic destabilization of the
Se atom adjacent to the electron-rich TM dopants and weakening of the metal-Se
bond upon H adsorption. The overall ordering of HER activity at the basal plane
(BSL) Se vacancies (VSe) is V𝑆𝑒 , Ni − BSL > V𝑆𝑒 , Co − BSL > V𝑆𝑒 , Mo − BSL >
V𝑆𝑒 , Mn − BSL > V𝑆𝑒 , Fe − BSL (Figure 3.8).
(3) MoSe2 edges undergo significant relaxation and reconstruction with doping and
these effects can be as, if not more, energetically relevant than purely electronic
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considerations. Consequently, the details of the edge structure become important
when examining the thermodynamics of HER and DSR on both Se and Mo edges
of MoSe2. The influence of TM dopants on the HER activity of defect-free Se and
Mo edges is not favorable because TM doping typically results in under binding of
H at these edges. DSR, on the other hand, becomes thermodynamically favorable
at the much smaller cathodic potentials for TM-doped Se and Mo edges. Se
vacancies are highly active for HER at Se edges but are undesirable at Mo edges,
requiring larger cathodic potentials for activation. Nevertheless, since the formation
of Se vacancies at Mo edges requires larger limiting potentials than at the Se edges,
it might be possible to generate these desirable Se vacancies preferentially at Se
edges by working within a suitable window of cathodic potentials. The overall
ordering of HER activity at the Mo- and Se- edges, with or without Se vacancies
(VSe)

is

V𝑆𝑒 , Fe − Se − edge > V𝑆𝑒 , Ni − Se − edge > V𝑆𝑒 , Mn − Se − edge >

V𝑆𝑒 , Co − Se − edge > Mo − edge > Se − edge = Fe − Se − edge (Figure 3.8).
In summary, our results suggest several potential avenues for activating
semiconducting MoSe2, and possibly other TMDs, via substitutional doping with
electron-rich dopants. Most importantly, several of the doped structures studied here
are potentially as, if not more, active than Pt(111) and thus hold promise for economical
electrochemical water splitting.
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CHAPTER 4
IDENTIFYING A NEW PATHWAY FOR NITROGEN REDUCTION REACTION
ON Fe-DOPED MoS2 BY THE CO-ADSORPTION OF HYDROGEN AND N2

Supplementary Information for this chapter is provided in Appendix H.

4.1 Introduction
Ammonia (NH3) is an important raw material for the chemical industry and a promising
carbon-free fuel for fuel cells. Currently, the Haber-Bosch process is the standard approach
for producing NH3 from N2 and H2 over iron or ruthenium-based catalysts.30,70 However,
the Haber-Bosch process is energy-intensive, requires very high temperature (400°C500°C) and pressure (~60 bar), and also generates an enormous amount of CO2 and other
greenhouse gases.36 This high energy footprint of the Haber-Bosch process has motivated
interest in electrochemical approaches for nitrogen reduction that can produce NH3 at
ambient temperature and pressure from electricity generated by renewable sources of
energy. However, the lack of suitable electrocatalysts for the electrochemical nitrogen
reduction reaction (NRR) presents an impediment to the widespread adoption of this
approach. There are two major challenges in the design of NRR electrocatalysts: firstly,
the N2 molecule is difficult to activate owing to the highly stable N≡N triple bond and,
secondly, the NRR overpotential is larger than the competing hydrogen evolution reaction
(HER) overpotential, which results in low NRR selectivity, especially in aqueous
electrolytes.16,17,200
In nature, atmospheric N2 fixation happens under ambient conditions on the nitrogenase
enzyme in cyanobacteria, where the iron-molybdenum cofactor (FeMoco) is the active site
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for N2 reduction.201,202 To replicate FeMoco-like active sites in heterogeneous catalysts,
several studies have explored Fe and Mo based catalysts like FeS2,203–205 FeS,206, and
MoS2.62,73,206–208

In particular, MoS2, a two-dimensional layered transition-metal

dichalcogenide (TMD), has attracted much attention as a potential NRR catalyst. The
availability of NRR active edge sites, large catalytic surface area, high thermodynamic
stability, and high electrical conductivity makes MoS2 a promising catalyst for NRR.62,207

Figure 4.1. DFT models of (a) the MoS2 ML, (b) defect-free MoS2 ML basal plane, and
(c) Mo-edge and S-edge of MoS2 ML.

In the ground state, MoS2 occurs in the semiconducting 2H phase. (Henceforth, we use
MoS2 generically to imply 2H-MoS2.) Adsorption sites on MoS2 monolayers (MLs) are
available on the basal plane and edges (Figure 4.1). MoS2 edges can be of two types—Moedges and S-edges—each with either partial or full sulfur coverage (edge termination). In
ML MoS2, the defect-rich basal plane and edges with low sulfur coverage typically expose
under-coordinated Mo atoms that show excellent catalytic activity towards NRR.62,73,207,209
Defect-free MoS2 basal planes and edges with high sulfur coverage, on the other hand, are
normally inert towards NRR because of the lack of exposed metal sites, leading to highly
unfavorable adsorption thermodynamics of N2 and other reaction intermediates.
In MoS2 MLs, the basal planes, which constitute most of the exposed surface area, are
inert and the active sites are limited to the edges. Introducing defects (like sulfur vacancies)
or heteroatom dopants, and exposing more edges in the catalyst (e.g., through nano78

structuring) can improve the activity of MoS2 MLs. For example, density functional theory
(DFT) studies have suggested anchoring single-atom catalysts and nanoclusters of
transition-metal atoms, like Sc, Ti, Mo, Fe, Re, Zr, and Hf on defect-free and defect-rich
MoS2 ML to achieve better NRR selectivity and smaller NRR overpotential.208,210–215
Zhang et al.216 showed that substitutional doping with cobalt (Co) reduces the NRR
overpotential and increases NRR selectivity of S-deficient MoS2-x nanoflowers. Zeng et
al.217,218 used Co and nitrogen (N) dopants to improve the NRR activity of MoS2
nanoflowers. Despite this progress, the key issues of large NRR overpotential and low NRR
selectivity for MoS2 MLs remain open. To overcome these challenges, we need several
under-coordinated metal-atom and S-vacancy sites on MoS2 that can interact strongly with
the inert N2, so that electrochemical activation (or splitting) of the N≡N triple bond
becomes more facile at low overpotentials.62,73 However, these desirable active sites for
NRR are also active for the competing HER at smaller overpotentials, which results in low
NRR selectivity.16,142,196 Therefore, for high NRR selectivity, we need to engineer active
sites that either suppress HER or, minimally, allow for NRR at lower cathodic potentials
than HER.
In this work, we employ DFT calculations to investigate comprehensively NRR on
defect-rich iron (Fe) doped MoS2 MLs. We chose Fe-doped MoS2 because recent
experiments reported significant improvement in HER and NRR catalytic activity of MoS2
after Fe-doping, 214,219,220 although the mechanisms remain unclear. The remainder of this
article is organized as follows. First, we characterize comprehensively the structure of Fedoped MoS2 ML edges based on thermodynamic considerations of edge formation
energies. We calculate a phase diagram to determine the low-energy Fe-doped edge
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structures and show that Fe-doped edges of MoS2 MLs are more stable than undoped MoS2
edges. Thereafter, we study the energetics of introducing S-vacancy defects in these lowenergy, Fe-doped edges, and identify defect sites that can selectively bind N2 over protons
to reduce N2 to NH3 at a low cathodic limiting potential. Finally, we study the reaction
thermodynamics of NRR on selected Fe-doped edges and propose a new “H-mediated
enzymatic pathway” in which co-adsorbed H atoms can participate in stabilizing NRR
intermediates before eventually leaving the edge as H2(g). Overall, our work provides
important insights into how and why Fe-doped MoS2 displays higher NRR selectivity
compared to undoped MoS2, as reported in recent experiments,214,219 and also underscores
the importance of both cooperative and competing effects of protons in NRR.

4.2 Computational Methods
DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP;
version 5.4.1),109,110 with spin-polarization to account for unpaired electrons of Fe dopant
atoms. The projector-augmented wave (PAW) method was used to describe the core and
valence electrons,111,112 along with the Perdew-Burke-Ernzerhof (PBE) generalized
gradient approximation (GGA) to describe electron exchange and correlation.113 From
convergence tests, the plane-wave cutoff energy was set to 400 eV and Gaussian smearing
of 0.05 eV was chosen for integrations over the Brillouin zone. Structural optimization
(atomic relaxation) was performed using the conjugate-gradient algorithm with a HellmanFeynman force tolerance of 0.01 eV/Å. The MoS2 ML basal plane (Figure 4.1(b)) was
modeled using a 6 × 6 supercell with periodic boundary conditions (PBCs) applied within
the plane of ML, and a vacuum region of 15 Å (chosen from convergence studies) was
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inserted normal to the plane to prevent interaction between the periodic images of the basal
plane. The Brillouin zone was sampled using a 2 × 2 × 1 Γ-centered k-point mesh. Similar
to prior studies,180–182,221 a nanoribbon model was used to study the edges of MoS2 ML
(Figure 4.1(c)). The nanoribbon model was built using a 4 × 6 supercell of MoS2 ML with
PBCs applied along the longer in-plane direction (six unit cells); 15 Å of vacuum was
inserted along the other in-plane direction (four unit cells), as well as in the direction
normal to the basal plane, to minimize interactions between periodic images of the
nanoribbon. A 1 × 2 × 1 Γ-centered k-point mesh was used to sample the Brillouin zones
of the nanoribbons. For the edge formation energy calculations, two triangular nanoflake
models of MoS2 MLs of different side lengths were used (Figure H1) with 15 Å of vacuum
inserted in all three Cartesian directions; a 1 × 1 × 1 Γ-point mesh was used for these
models. Dispersion interactions between atoms were modeled using the DFT-D3 method
of Grimme et al.222 The PBE (with DFT-D3) lattice parameter for an MoS2 ML is 3.17 Å,
which is close to the measured in-plane lattice parameter of bulk MoS2 (3.16 Å

223

). The

zero-point energy, defined as 𝐸𝑍𝑃𝐸 = ∑𝑖 ℏ𝜔𝑖 ⁄2 (where ℏ is the reduced Planck’s constant
and 𝜔𝑖 is the atomic vibrational frequency), was calculated by displacing each atom from
the equilibrium position by ±0.015 Å in all three Cartesian directions and diagonalizing
the mass-weighted Hessian matrix to determine the vibrational frequencies 𝜔𝑖 . From 𝜔𝑖 ,
the vibrational entropy, Svib, was estimated as,185
𝑆𝑣𝑖𝑏 = 𝑘𝐵 ∑𝑁
𝑖=1 [− ln (1 − 𝑒

−

ℏ𝜔𝑖
𝑘𝐵 𝑇

)+
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ℏ𝜔𝑖 ⁄𝑘𝐵 𝑇
ℏ𝜔𝑖
𝑒 𝑘𝐵 𝑇

−1

]

(4.1)

where kB is the Boltzmann constant, T is the temperature (here, T=300 K), and N is the total
number of vibrational modes. The standard entropies of gas-phase N2, NH3, H2, and H2S
molecules were obtained from the NIST database.186

4.3 Results and Discussion
4.3.1 Structure of Fe-doped Edges in MoS2 MLs

Figure 4.2. (a) Schematic of a triangular flake model of MoS2 ML with side length
𝑙 ; the edges displayed are undoped Mo-edges with 50% S-coverage (Mo50). (b) Edge
formation energy of select edges of undoped and Fe-doped MoS2 as a function of
change in chemical potential of sulfur. (c) Optimized structures of thermodynamically
favored S-edges and Mo-edges of Fe-doped MoS2 ML. Blue, yellow, and violet-gray
spheres indicate Fe, S, and Mo atoms, respectively.

First, we analyze MoS2 edges, which usually display active sites for electrochemical
reactions. To determine thermodynamically-favored edges of Fe-doped MoS2 ML, we
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calculated the edge formation energy (𝛾), as a function of change in the chemical potential
of sulfur relative to its bulk phase (∆𝜇𝑆 = 𝜇𝑆 −𝜇𝑆,𝑏𝑢𝑙𝑘 ), using a triangular flake model of
MoS2 ML with side length 𝑙 (Figure 4.2(a)).224,225 The triangular flake has three identical
edges (sides) and vertices. Therefore, the excess energy of the triangular MoS 2 ML
flake, 𝛾𝑓𝑙𝑎𝑘𝑒 , is given by
𝛾𝑓𝑙𝑎𝑘𝑒 = 3 × 𝑙 × 𝛾 + 3 × 𝛾𝑣𝑒𝑟𝑡𝑒𝑥 ,

and

(4.2)

𝛾𝑓𝑙𝑎𝑘𝑒 = 𝐸𝑓𝑙𝑎𝑘𝑒 + 𝐸 𝑍𝑃𝐸 − 𝑛𝑀𝑜 × 𝜇𝑀𝑜 − 𝑛𝐹𝑒 × 𝜇𝐹𝑒 − 𝑛𝑆 × 𝜇𝑆 .

(4.3)

where 𝛾 and 𝛾𝑣𝑒𝑟𝑡𝑒𝑥 are
of𝛾the edges
and vertices of the MoS
2 ML
𝛾 the formation
= 3 × 𝑙 ×energies
𝛾 +3×
, and
(4.2)
𝑓𝑙𝑎𝑘𝑒

𝑣𝑒𝑟𝑡𝑒𝑥

flake, respectively;
the𝜇 0K−DFT
and
energy(4.3)
(ZPE)
𝛾
= 𝐸𝐸𝑓𝑙𝑎𝑘𝑒+, and
𝐸 𝐸 𝑍𝑃𝐸
− 𝑛 are ×
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×𝜇 −
𝑛 zero-point
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𝑓𝑙𝑎𝑘𝑒
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𝑍𝑃𝐸

𝑀𝑜

𝑀𝑜

𝐹𝑒

𝐹𝑒

𝑆

𝑆

of the triangular flake, respectively; 𝜇𝑀𝑜 , 𝜇𝐹𝑒 , and 𝜇𝑆 are the chemical potentials of Mo,
Fe, and S atoms, respectively; and 𝑛𝑀𝑜 , 𝑛𝐹𝑒 , and 𝑛𝑆 are the number of Mo, Fe, and S atoms
in the triangular flake model of MoS2 ML, respectively. To obtain 𝛾 as a function of ∆𝜇𝑆 =
𝜇𝑆 − 𝜇𝑆,𝑏𝑢𝑙𝑘 , we apply the following thermodynamic constraints:123,124
𝜇𝑀𝑜𝑆2 = 𝜇𝑀𝑜 + 2𝜇𝑆 ,

(4.4)

𝜇𝐹𝑒𝑆2 = 𝜇𝐹𝑒 + 2𝜇𝑆 , and

(4.5)

∆𝐻𝑓,𝐹𝑒𝑆2 /2 < Δ𝜇𝑆 < 0; ∆𝐻𝑓,𝐹𝑒𝑆2 = −1.54 𝑒𝑉

(4.6)

𝜇𝑀𝑜𝑆2 = 𝜇𝑀𝑜 + 2𝜇𝑆 ,
(4.4)
where 𝜇𝑆,𝑏𝑢𝑙𝑘 , 𝜇𝑀𝑜𝑆2 and 𝜇𝐹𝑒𝑆2 are
the chemical potentials of bulk sulfur, MoS2 ML, and
= heat
𝜇𝐹𝑒 +
, and
(4.5)the
2
FeS2, respectively, and ∆𝐻𝑓,𝐹𝑒𝑆𝜇2𝐹𝑒𝑆
is the
of 2𝜇
the𝑆 formation
of bulk FeS2. To maintain
∆𝐻𝑓,𝐹𝑒𝑆
/2 Fe-doped
< Δ𝜇𝑆 < MoS
0; ∆𝐻
= 𝑆−1.54
𝑒𝑉 to the constraint
(4.6)
thermodynamic equilibrium
of 2the
ML,2 ∆𝜇
is subject
2 𝑓,𝐹𝑒𝑆
∆𝐻𝑓,𝐹𝑒𝑆2 /2 < ∆𝜇𝑆 < 0; for the undoped MoS2 ML, equilibrium requires that ∆𝐻𝑓,𝑀𝑜𝑆2 /
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2 < ∆𝜇𝑆 < 0, with ∆𝐻𝑓,𝑀𝑜𝑆2 = −2.66 𝑒𝑉. From Equations 4.2 and 4.3, 𝛾𝑓𝑙𝑎𝑘𝑒 is seen to be
a linear function of the edge length (𝑙) of the model, whereas 𝛾𝑣𝑒𝑟𝑡𝑒𝑥 is an additive constant.
Therefore, we used two triangular MoS2 ML flakes with different edge lengths 𝑙1 and 𝑙2
(𝑙1 > 𝑙2 ) and calculated 𝛾 as

𝛾 =

∆𝐸𝑓𝑙𝑎𝑘𝑒 +∆𝐸𝑍𝑃𝐸 −∆𝑛𝑀𝑜 𝜇𝑀𝑜𝑆2 −∆𝑛𝐹𝑒 𝜇𝐹𝑒𝑆2 +(2∆𝑛𝑀𝑜 +2∆𝑛𝐹𝑒 −∆𝑛𝑆 )𝜇𝑆
3×(𝑙1 −𝑙2 )

,

(4.7)

where ∆𝐸𝑓𝑙𝑎𝑘𝑒 , and ∆𝐸𝑍𝑃𝐸 are the differences in the 0K DFT energies and ZPE of the
∆𝐸model
−∆𝑛
−∆𝑛𝐹𝑒
𝜇𝐹𝑒𝑆2 +(2∆𝑛
triangular flake
of 𝑍𝑃𝐸
MoS
with
lengths
𝑙1 and𝑀𝑜
𝑙2 ,+2∆𝑛
respectively,
may be
𝑓𝑙𝑎𝑘𝑒 +∆𝐸
𝑀𝑜 𝜇
𝑀𝑜𝑆2edge
𝐹𝑒 −∆𝑛𝑆 )𝜇and
𝑆
2 ML
𝛾 =
, (4.7)
3×(𝑙1 −𝑙2 )

expressed as
∆𝐸𝑓𝑙𝑎𝑘𝑒 = 𝐸𝑓𝑙𝑎𝑘𝑒 (𝑙1 ) − 𝐸𝑓𝑙𝑎𝑘𝑒 (𝑙2 ),

(4.8)

∆𝐸𝑍𝑃𝐸 = 𝐸𝑍𝑃𝐸 (𝑙1 ) − 𝐸𝑍𝑃𝐸 (𝑙2 ).

(4.9)

In Equation 4.7, ∆𝑛𝑀𝑜 , ∆𝑛𝐹𝑒 , and ∆𝑛𝑆 are the differences in the number of Mo, Fe, and S
atoms in the triangular flake model of MoS2 ML with edge lengths 𝑙1 and 𝑙2 , respectively.
For the undoped MoS2 ML, previous studies have typically used Mo-edges with 100%
(Mo100) and 50% (Mo50) sulfur coverage, and S-edges with 100% (S100) sulfur
coverage.225–227 Besides these edges, for the Fe-doped MoS2 ML, we also studied the Moedge with 0% sulfur coverage (Mo0) and S-edges with 75% (S75) and 50% (S50) sulfur
coverage (Figure H2). To understand better the effect of Fe-doping and dopant clustering
on the structure and thermodynamic stability of these edges, we considered the substitution
of one, two, and all Mo atoms at the edge termination with Fe dopants.213 In Figure 4.2(b),
we display the edge formation energies of the aforementioned edges in undoped and Fedoped MoS2 ML as a function of ∆𝜇𝑆 ; Figure 4.2(c) displays the DFT-optimized structures
of the four lowest-energy edges along with one additional edge (FullFe-S50) that is slightly
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higher in energy but important for the discussion that follows later in this dissertation. As
seen from Figure 4.2(b), by decreasing ∆𝜇𝑆 , we move from the S-rich region to the Fe-rich
region and alter the thermodynamic preference of the edge terminations. Close to the Srich region (−0.03 eV < ∆𝜇𝑆 < 0 eV), the Mo100 edge with one Fe dopant (1Fe-Mo100)
is the thermodynamically preferred edge. Thereafter, within a large window (−0.48 eV <
∆𝜇𝑆 < −0.03 eV), the S100 edge with one Fe-dopant (1Fe-S100) is favored. The Mo50
edge with 1Fe dopant (1Fe-Mo50) is energetically preferred within a small window of
−0.51 eV < ∆𝜇𝑆 < −0.48 eV, after which the fully doped S75 edge (FullFe-S75) becomes
the most dominant edge within a broad window of −0.77 eV < ∆𝜇𝑆 < −0.51 eV. It is
noteworthy that all low-energy edges are seen to be Fe-doped, with pristine MoS2 edges
being much higher in energy. Given that it is desirable to stabilize edges with low sulfur
coverage (below 50%) so that metal atoms at the edges become available for N2 adsorption,
we conclude that the sulfur chemical potential should be maintained at a low value ( ∆𝜇𝑆 <
−0.5 eV) to promote the formation of FullFe-S75 and 1Fe-Mo50 edges. It is also worth
noting that the FullFe-S50 edge, which has even lower sulfur coverage, is very close in
energy to the FullFe-S75 edge towards the Fe-rich regime (Figure 4.2(b)) and it may be
possible to stabilize this edge during growth or produce this structure post-growth (e.g., by
electrochemical etching). This reasoning is consistent with the results of Hong et al.

228

who studied full Fe-doped S-edges with 75% (FullFe-S75) and 50% (FullFe-S50) sulfur
coverage for CO2 reduction because of their similar thermodynamic stability.
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4.3.2 N2 and H Adsorption on Defect-Free Fe-doped MoS2 ML Edges

Figure 4.3. (a) Structures of Fe-doped MoS2 ML edges: red spheres show the most
favorable site (S atom) for H adsorption, and N2 adsorption on Fe-doped MoS2 ML
edges; the green sphere on FullFe-S75 shows the most favorable site (S atom) for DSR;
DSR on 1Fe-Mo100, 1Fe-S100, 1Fe-Mo50 and FullFe-S50 is most favorable at the H
adsorption sites (red spheres). Gold, violet-grey, and yellow/red/green spheres represent
the Fe, Mo, and S atoms, respectively. b) Free energy of H adsorption and N2 adsorption
at S atom sites on Fe-doped MoS2 ML edges. (c) Free energy of DSR on all five selected
Fe-doped MoS2 ML edges and their respective undoped counterparts.

Having ascertained the relevant low-energy edge terminations, we now examine the
energetics of N2 and H adsorption on all five selected Fe-doped MoS2 ML edges. On defectfree edges, only sulfur sites are available for N2 and H adsorption at the edges (Figure
4.3(a)). We define the free energy of N2 (∆𝐺𝑁2 ) and H adsorption (∆𝐺𝐻 ) on these sulfur
edge sites as follows,
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∆𝐺𝑁2 = (𝐸𝑀𝐿+𝑁2 − 𝐸𝑁2 − 𝐸𝑀𝐿 ) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,

(4.10)

∆𝐺𝐻 = (𝐸𝑀𝐿+𝐻 − 0.5 × 𝐸𝐻2 − 𝐸𝑀𝐿 ) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,

(4.11)

where, 𝐸𝑀𝐿 , 𝐸𝑀𝐿+𝑁2 , 𝐸𝑀𝐿+𝐻 , 𝐸𝑁2 , and 𝐸𝐻2 are the 0K DFT energies of a clean ML, an ML
∆𝐺 2 = (𝐸𝑀𝐿+𝑁2 − 𝐸𝑁2 − 𝐸𝑀𝐿 ) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,
(4.10)
with an adsorbed𝑁N
2 molecule, an ML with an adsorbed H atom, the isolated N2 gas
∆𝐺𝐻isolated
= (𝐸𝑀𝐿+𝐻
− 0.5
× 𝐸𝐻2 −respectively.
𝐸𝑀𝐿 ) + ∆𝐸𝑍𝑃𝐸
𝑇∆𝑆,
(4.11)
molecule, and the
H2 gas
molecule,
∆𝐸−
𝑍𝑃𝐸 is the difference in zeropoint energies of an ML with an adsorbed N2 molecule/H atom and the reactants (clean
ML and 𝑁2 (𝑔) or 1/2𝐻2 (𝑔) ) while ∆𝑆 is the corresponding difference in vibrational
entropies. The temperature, T, is taken to be 300 K. It is important to note that N2
adsorption on the catalyst surface is a non-faradaic step, while H adsorption is a faradaic
step. Hence, it is not possible to control N2 adsorption thermodynamics during NRR with
the applied cathodic potential.229 Therefore, for efficient NRR and N≡N triple bond
activation, the first step of N2 adsorption should be thermodynamically favorable (∆𝐺𝑁2 ≤
0) and preferred over H adsorption (∆𝐺𝑁2 < ∆𝐺𝐻 ) to achieve NRR selectivity. However,
from Figure 3(b), we find that N2 adsorption at S atoms is consistently, and unsurprisingly,
thermodynamically unfavorable with ∆𝐺𝑁2 ~ 0.3 − 0.6 eV, while the competing H
adsorption (or HER) is consistently lower in energy and even exergonic in a few cases.
Hence, we conclude that defect-free Fe-doped MoS2 ML edges are not suited for NRR and
only HER might occur in some instances.

4.3.3 Activation of Fe-doped MoS2 ML Edges
Previous studies have shown that introducing defects in MoS2 ML significantly improves
the catalytic activity of MoS2 ML for NRR.62,73,207,209 Recently, Nørskov and coworkers58
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showed that active sulfur vacancies can be produced via the desulfurization reaction (DSR)
at large cathodic overpotentials. Specifically, DSR (Equation 4.12) proceeds in two steps
(Equations 4.13 and 4.14):
∗

𝑆 + 2(𝐻 + + 𝑒 − ) → 𝑉𝑆 + 𝐻2 𝑆(𝑔)

(4.12)

∗

(4.13)

∗

(4.14)

𝑆 + (𝐻 + + 𝑒 − ) → ∗𝑆𝐻
𝑆𝐻 + (𝐻 + + 𝑒 − ) → 𝑉𝑆 + 𝐻2 𝑆(𝑔)

where ∗𝑆 represents the reacting S atom from MoS2 and VS is the S vacancy site created
∗

𝑆 + 2(𝐻 + + 𝑒 − ) → 𝑉𝑆 + 𝐻2 𝑆(𝑔)
(4.12)
after DSR. We note that Equation 4.13 is also the Volmer step of HER and so, DSR and
∗
𝑆 + (𝐻 + + 𝑒 − ) → ∗𝑆𝐻
(4.13)
HER are competing processes at the S atom site on MoS2.58 Once isolated sulfur vacancies
∗
𝑆𝐻 + (𝐻 + + 𝑒 − ) → 𝑉 + 𝐻2 𝑆(𝑔)
(4.14)
or vacancy clusters are produced via DSR, the𝑆 transition-metal
atoms become accessible

to reacting species and provide catalytic sites that are potentially more active and/or
selective than pristine edges. Hence, for the activation of Fe-doped MoS2 ML edges, it is
necessary to understand the thermodynamics of DSR.
We investigated the thermodynamics of DSR to create a single VS site on Fe-doped
MoS2 ML edges and compared these results with the respective undoped edge case. The
free energy of DSR on MoS2 edges, ∆𝐺𝐷𝑆𝑅 , is calculated as
∆𝐺𝐷𝑆𝑅 = (𝐸𝑉𝑠 + 𝐸𝐻2 𝑆(𝑔) − 𝐸𝐻2 (𝑔) − 𝐸∗𝑆 ) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,

(4.15)

∆𝐸𝑍𝑃𝐸 = 𝐸𝑍𝑃𝐸,𝑉𝑠 + 𝐸𝑍𝑃𝐸,𝐻2 𝑆(𝑔) − 𝐸𝑍𝑃𝐸,𝐻2(𝑔) − 𝐸𝑍𝑃𝐸, ∗𝑆 ,

(4.16)

∆𝑆 = 𝑆𝑣𝑖𝑏,𝑉𝑠 + 𝑆𝐻𝑜2𝑆(𝑔) − 𝑆𝐻𝑜2(𝑔) − 𝑆𝑣𝑖𝑏, ∗𝑆 ,

(4.17)

where 𝐸∗𝑆 , 𝐸𝑉𝑠 , 𝐸𝐻2 (𝑔) and 𝐸𝐻2 𝑆(𝑔) are the 0K DFT energies of defect-free MoS2 ML, MoS2
ML with a VS, isolated H2(g) molecule, and isolated H2S(g) molecule, respectively; ∆𝐸𝑍𝑃𝐸
∆𝐺𝐷𝑆𝑅 = (𝐸𝑉𝑠 + 𝐸𝐻2 𝑆(𝑔) − 𝐸𝐻
− 𝐸∗𝑆 ) + ∆𝐸𝑍𝑃𝐸 − 𝑇∆𝑆,
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2 (𝑔)

(4.15)

∆𝐸𝑍𝑃𝐸 = 𝐸𝑍𝑃𝐸,𝑉𝑠 + 𝐸𝑍𝑃𝐸,𝐻2 𝑆(𝑔) − 𝐸𝑍𝑃𝐸,𝐻2(𝑔) − 𝐸𝑍𝑃𝐸, ∗𝑆 ,

(4.16)

∆𝑆 = 𝑆𝑣𝑖𝑏,𝑉𝑠 + 𝑆𝐻𝑜2𝑆(𝑔) − 𝑆𝐻𝑜2(𝑔) − 𝑆𝑣𝑖𝑏, ∗𝑆 ,

(4.17)

Figure 4.4. Free energies of H adsorption and N2 adsorption on defect-rich Fe-doped
MoS2 ML edges. Structural models display the top view of the VS@1Fe-Mo100,
VS@1Fe-S100, VS@1Fe-Mo50, VS@FullFe-S75, VS@FullFe-S50, VS@1Fe-S50 and
2VS@1Fe-Mo50 edges. Gold, violet-grey, and yellow spheres represent the Fe, Mo,
and S atoms, respectively.
and ∆𝑆 are the differences between the zero-point energies and entropies of products (MoS2
ML with a VS and H2S(g)) and reactants (defect-free MoS2 ML and H2(g)), respectively; T
is the temperature (T=300K); 𝑆𝑣𝑖𝑏,𝑉𝑠 , and 𝑆𝑣𝑖𝑏, ∗𝑆 are the vibrational entropies of MoS2 ML
with a VS and defect-free MoS2 ML, respectively; 𝑆𝐻𝑜2𝑆(𝑔) and 𝑆𝐻𝑜2(𝑔) are the standard
entropies of H2S and H2 gas molecules, respectively. We show the results of ∆𝐺𝐷𝑆𝑅
calculations of undoped and Fe-doped MoS2 ML edges in Figure 4.3(c). On all Fe-doped
MoS2 ML edges (except the 1Fe-Mo100 edge), ∆𝐺𝐷𝑆𝑅 is smaller than the respective
undoped MoS2 ML edges. Smaller values of ∆𝐺𝐷𝑆𝑅 suggest that DSR is
thermodynamically more favorable on Fe-doped MoS2 ML edges than on undoped MoS2
ML edges. This finding is consistent with our previous studies of DSR on MoSe2 (a layered
TMD with MoS2 like crystal structure), where we found that DSR is more facile on
transition-metal doped MoSe2 ML than on undoped MoSe2 ML.60,135 Negative ∆𝐺𝐷𝑆𝑅 for
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the 1Fe-S100 case indicates that the formation of the sulfur vacancy is spontaneous. On
1Fe-Mo100 and 1Fe-Mo50 edges, ∆𝐺𝐷𝑆𝑅 is +0.18 eV and +0.13 eV, respectively, which
suggests that VS formation can be accomplished at low cathodic potentials. FullFe-S75 and
FullFe-S50 edges, on the other hand, have larger ∆𝐺𝐷𝑆𝑅 of +0.44 eV and +1.26 eV,
respectively, requiring larger cathodic potentials for electrochemical etching.

4.3.4 N2 and H Adsorption on Defective Fe-doped MoS2 ML Edges
A single VS site (on 1Fe-Mo100, 1Fe-S100, 1Fe-Mo50, or FullFe-S75), is less suitable for
N2 adsorption (∆𝐺𝑁2 > +0.45 eV), as seen in Figure 4.4, similarly to sulfur atoms on defectfree Fe-doped MoS2 ML edges. On the other hand, VS sites on the FullFe-S50 edge
(VS@FullFe-S50) with two exposed undercoordinated Fe-atoms show favorable
thermodynamics for N2 adsorption with ∆𝐺𝑁2 ≈ 0. However, undesirable H adsorption is
still thermodynamically more favorable than N2 adsorption (∆𝐺𝐻 < ∆𝐺𝑁2 ) at all VS sites
on these five selected Fe-doped edges. Thus, except for the VS@FullFe-S50 case, we
conclude that a single Vs site is insufficient to activate Fe-doped edges, and Vs clusters
might be required to reduce the sulfur coverage below 50% and expose additional
undercoordinated metal atoms. This could potentially be achieved by sustained
electrochemical etching (multiple cycles of DSR) to introduce Vs clusters along the Fedoped edges. Specifically, on the two most dominant edges of Fe-doped MoS2 ML—1FeS100 and FullFe-S75 (Figure 4.2(b))—one may envision reducing sulfur coverage, postsynthesis, by DSR to ≤50%, resulting in edges with exposed metal atoms (VS@1Fe-S50
and VS@FullFe-S50 in Figure 4.4). Also, removing two S atoms from 1Fe-Mo50 via
multiple cycles of DSR will expose both Fe and Mo atoms and generate the 2VS@1Fe90

Mo50 site (Figure 4.4). However, it should be noted that the formation of VS clusters on
Fe-doped edges will require large cathodic potentials, because DSR thermodynamics
(∆𝐺𝐷𝑆𝑅 ) becomes less favorable on Fe-doped edges after the formation of the first single
VS site (Figure H3).
From Figure 4.4, we note that ∆𝐺𝑁2 < 0 and ∆𝐺𝑁2 < ∆𝐺𝐻 at both VS@1Fe-S50 and
2VS@1Fe-Mo50 sites and thus, these two sites will selectively adsorb N2. For the
VS@FullFe-S50 edge, N2 adsorption is nearly thermoneutral, although H adsorption is still
preferred. In short, our calculations show that Fe-doped edges can indeed host defects or
defect clusters that preferentially adsorb N2 and this might explain the increased NRR
selectivity of Fe-doped MoS2 ML observed in recent experiments.214,219 Going forward,
for further investigation of NRR on Fe-doped MoS2 ML edges, we only consider VS@1FeS50, VS@FullFe-S50, and 2VS@1Fe-Mo50 sites because these three sites display
exergonic (or nearly thermoneutral) N2 adsorption among all adsorption sites on Fe-doped
MoS2 ML edges that we considered here.229 Parenthetically, we also investigated the Fedoped MoS2 ML basal plane, for completeness, and found that ∆𝐺𝑁2 > +0.75 eV and
∆𝐺𝑁2 > ∆𝐺𝐻 on all S atom and VS sites (Figure H4) which means that N2 adsorption is not
favorable and only HER will occur on the Fe-doped MoS2 basal plane.

4.3.5 NRR Mechanisms on Fe-doped MoS2 ML Edges
In the literature,72–74 it is generally assumed that electrochemical NRR [N2(g) + 6(H+ + e-)
→ 2NH3(g)] on the catalyst surface occurs through the associative mechanism via distal,
alternating, or enzymatic pathway (Figure 4.5). However, as discussed above, at most
adsorption sites on the Fe-doped MoS2 ML, H adsorption is thermodynamically more
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favorable than N2 adsorption. Also, previous studies report that the NRR overpotential is
generally larger than the HER overpotential.16,17 Thus, it is reasonable to expect that during
NRR on Fe-doped MoS2, H atoms are co-adsorbed both at and in the vicinity of the
adsorption site. Hence, apart from studying the conventional distal, alternating, and
enzymatic pathways for NRR, we also chose to explore these (and closely related)
pathways in the presence of co-adsorbed H atoms.

Figure 4.5. The associative distal, alternating, and enzymatic pathways of
electrochemical NRR on a catalyst surface. Faradaic steps are connected by blue and
red solid (or dashed) arrows, and non-faradaic steps are connected by black solid arrows.

H-Mediated Enzymatic NRR Pathway on 1Fe-S50 Edge
We investigated NRR at the sulfur vacancy site on the 1Fe-S50 edge (VS@1Fe-S50), which
selectively binds N2 (∆𝐺𝑁2 = −0.33 eV; Figure 4.6). At the VS@1Fe-S50 site, N2
adsorption is side-on; therefore as per Figure 4.5, NRR is expected to proceed via the
enzymatic pathway (Figure H5 and H6).72–74 However, instead of subsequent direct
protonation of the adsorbed N2 molecule, we find that it is thermodynamically favorable to
first co-adsorb three H atoms sequentially at neighboring Fe, S, and Mo atoms to form
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*N2+*H, *N2+2*H, and *N2+3*H (Figures H5 and H6). The three initial H co-adsorption
steps are still thermodynamically uphill (Figure 4.6). Thereafter, *N2 (+3*H) is easily
reduced to *N2H (+3*H) intermediate with ∆G = -0.02 eV.

Figure 4.6. Free-energy diagram of the H-mediated enzymatic NRR pathway on
VS@1Fe-S50 at UL=0 (blue) and UL = -0.42 V (orange), where UL is the applied
(cathodic) limiting potential. Non-faradaic and faradaic reaction steps are connected by
black (dashed) and blue/orange solid lines, respectively, and energies for the nonfaradaic steps are indicated in the figure.
It is noteworthy that in the conventional enzymatic pathway the formation of the *N2H
intermediate directly from *N2 is substantially endergonic (∆G = +0.55 eV; Figure H5(a)).
Thus, a key difference between the conventional enzymatic pathway and the current one is
revealed at the outset of the reduction process: firstly, none of the H co-adsorption steps
are as endergonic as the direct protonation of *N2 and, secondly, the eventual protonation
of *N2 (to form *N2H+3*H) is slightly exergonic. In other words, H co-adsorption
facilitates the reduction of *N2 to *N2H. We, therefore, refer to this pathway as the “Hmediated enzymatic pathway”. After forming the *N2H intermediate, the next protonation
event occurs at the sulfur atom near the VS@1Fe-S50 site to form *N2H+4*H (∆G = +0.22
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eV) followed by further protonation of the *N2H intermediate to *N2H2 (∆G = +0.32 eV).
At this point, the next four protonation steps result in HER and all four co-adsorbed H
atoms desorb as H2(g) (exergonic) leaving behind only the *N2H2 intermediate at the
VS@1Fe-S50 site. From this point on, the reaction follows the standard enzymatic pathway
up to the formation of two ammonia molecules. Specifically, the liberation of the first
ammonia molecule, leaving behind a *NH2 intermediate, is highly exergonic ∆G = -1.72
eV whereas the liberation of the second ammonia molecule requires +0.72 eV energy. It
should be noted here that in actual experiments,230–233 the likely outcome is the formation
of a solvated NH4+ species, rather than liberation of NH3(g), but this is not captured in the
current DFT models and will be studied elsewhere.
In total, there are 16 reaction steps in the H-mediated enzymatic pathway proposed
here, and the overall NRR reaction may be represented as N2(g) + 14(H+ + e-) → 2NH3(g) +
4H2(g). Similar to the conventional enzymatic pathway, the first step (N2 adsorption) and
the last step (NH3(g) desorption) are non-faradaic steps while the remaining steps are
faradaic. Compared to the standard enzymatic pathway (N2(g) + 6(H+ + e-) → 2NH3(g)), the
H-mediated enzymatic pathway consumes eight extra (H++e-) pairs and generates four H2(g)
molecules. It is interesting to note that the H-mediated enzymatic NRR pathway resembles
N2 fixation by the iron-molybdenum cofactor in nitrogenase (N2(g) + 8(H+ + e-) → 2NH3(g)
+ H2(g)), wherein HER occurs in concert with NRR.234
In Figure 4.6, we display the free-energy diagram of NRR via the H-mediated
enzymatic pathway at low cathodic overpotential (UL = 0). As seen from the reaction
pathway, the formation of *N2+3*H from *N2+2*H (the fourth reaction step) is the most
endergonic (∆G = +0.42 eV) among all faradaic steps and so we identify it as the potential
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determining step (PDS) of the reaction pathway. To assess the role of applied cathodic
potentials on the reaction thermodynamics, we employed the computational hydrogen
electrode (CHE) model 235 and estimated the cathodic limiting potential (UL) relative to the
reversible hydrogen electrode (RHE) required to make all faradaic steps of NRR exergonic
(∆𝐺 ≤ 0) on the VS@1Fe-S50 site. In the CHE model, the reaction free energy change is
given by ∆𝐺 = ∆𝐺 𝑂 − 𝑛𝑒𝑈𝐿 , where ∆𝐺 𝑂 is the standard free energy of a reaction step (at
T=300 K), 𝑛 is the number of proton and electron pairs transferred during the reaction step,
and UL is the applied cathodic limiting potential vs. RHE. Based on the calculated PDS,
we require UL = -0.42 V to make all faradaic steps of the H-mediated enzymatic pathway
exergonic. From Figure 4.6, we note that the thermodynamics of the first and sixteenth
steps, which are non-faradaic, remain unaffected by the applied potential (within the
assumptions of the CHE model). From Figure H5(b), we also note that for UL ≤ -0.16 V, H
adsorption (a faradaic step) becomes more favorable than N2 adsorption at the VS@1FeS50 site. Therefore, at larger cathodic potentials, the adsorbed H atom will block the
VS@1Fe-S50 site for N2 adsorption and hinder NRR. The blocking of the VS@1Fe-S50
site by H might play a role in the low NRR selectively of Fe-doped MoS2 catalysts at large
cathodic potentials reported in recent experiments.214,219,220 Based on our results, is seems
possible that NRR, using Fe-doped MoS2 catalysts, may benefit from potential cycling
approaches,236,237 to selectively favor N2 adsorption at low potentials and, thereafter, drive
reduction of *N2 at higher potentials.

95

Distal NRR pathway on FullFe-S50 Edge

Figure 4.7. Free-energy diagram of the NRR on VS@FullFe-S50 via the distal pathway
at UL=0 (blue) and UL = -0.30 V (orange), where UL is the applied (cathodic) limiting
potential. Non-faradaic and faradaic reaction steps are connected by red and blue/orange
solid lines, respectively, and energies for the non-faradaic steps are indicated in the
figure.
As reported in Figure 4.4, N2 adsorption at the VS@FullFe-S50 site is nearly thermoneutral
with ∆𝐺𝑁2 = +0.01 eV, and the N2 molecule is adsorbed in a side-on configuration
(Figures H7 and H8). While one may expect NRR to proceed via the enzymatic pathway,
careful modeling reveals that *N2H, *N2H2, and other reduced NRR intermediates turn out
to be more stable in an end-on configuration (Figure H7 and H8), indicating that the sideon *N2 species will switch to an end-on configuration upon protonation. Furthermore, we
also investigated the NRR pathway with H atoms co-adsorbed near the VS@FullFe-S50
site (Figure H7 and H8) but found that the H-mediated pathways are highly energetically
unfavorable. Therefore, we only focus on the conventional distal pathway for NRR at the
VS@FullFe-S50 site.
In Figure 4.7, we display the free-energy diagram for NRR on the VS@FullFe-S50 site
at low overpotential (UL=0). In the first step, N2 adsorption (*N2 formation) is nearly
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thermoneutral (∆G = +0.01 eV). However, in the next step, the reduction of *N2 to *N2H
is uphill in energy (∆G = +0.30 eV). After *N2H formation, the four subsequent steps
leading to the formation of *NH2 and NH3(g) are all downhill in energy. Further reduction
of *NH2 to *NH3 and liberation of NH3(g) are uphill in energy with ∆G = +0.17 eV and ∆G
= +0.42 eV, respectively. In this distal pathway, N2 adsorption (the first step) and NH3(g)
evolution (the last step) are non-faradaic steps, while all other steps are faradaic. Among
the faradaic steps, the formation of *N2H from *N2 (the second step) has the largest ∆G =
+0.30 eV, which we identify as the PDS for this pathway. Thus, the VS@FullFe-S50 site
can, in principle, become NRR-active at moderately low UL of -0.30 V. However, from
Figure 4, we also know that H adsorption is more favorable than N2 adsorption on the
VS@FullFe-S50 site even at UL=0 V (∆𝐺𝐻 = −0.32 eV and ∆𝐺𝑁2 = +0.01 eV.
Furthermore, when UL = -0.30 V, the adsorption of a second H atom at the VS@FullFe-S50
site also becomes more favorable than N2 adsorption (Figure H7(b)). Thus, we expect that
the VS@FullFe-S50 is unlikely to be a good candidate for NRR.

Distal NRR pathway on 2VS@1Fe-Mo50
The last site we consider is the 2VS@lFe-Mo50 site, which selectively adsorbs N2 at an
exposed Fe-atom (∆𝐺𝑁2 = −0.46 eV) in an end-on configuration (Figures H9 and H10).
We find that NRR proceeds via the distal pathway on the 2VS@lFe-Mo50 site (Figure H9
and H10). However, the reduction of adsorbed N2 (*N2) to *N2H intermediate is highly
unfavorable and uphill in energy (∆G = +1.14 eV). Further, the reduction of *N2H to *N2H2
is also uphill in energy (∆G = +0.26 eV). Beyond this point (Figure 4.8), the process is
thermodynamically downhill right until the final step of NH3(g), which is not spontaneous
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(∆G = +0.46 eV). The PDS is thus determined by the reduction of *N2 to *N2H and requires
a rather large limiting potential, UL = -1.14 V.

Figure 4.8. Free energy diagram of the NRR on 2VS@1Fe-Mo50 via the distal pathway,
at UL=0 (blue) and UL = -1.14 V (orange), where UL is applied limiting potential.
Negative UL means the applied limiting potential is cathodic potential. Non-faradaic
and faradaic reaction steps are connected by red and blue/orange solid lines,
respectively, and energies for the non-faradaic steps are indicated in the figure.
For completeness, we also investigated NRR with co-adsorbed H atoms near the 2VS@lFeMo50 site (Figures H9(a) and H10) but the thermodynamics is still highly unfavorable due
to the large energy input required for protonation of *N2 to *N2H. Additionally, from
Figure H9(b), we also see that H adsorption is already more favorable than N2 adsorption
at UL ≤ -0.67 V, which is still insufficient to protonate *N2. In short, the 2VS@lFe-Mo50
site is not particularly suited for NRR.

4.4 Conclusions
In conclusion, we employed DFT calculations to assess the potential of Fe-doped MoS2
monolayers for electrochemical NRR. We found that placing Fe dopants at edges favors
the formation of sulfur vacancies defects and, in the case of sulfur edges, their formation
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can even be spontaneous. Such vacancies or vacancy clusters can activate the Fe-doped
MoS2 ML for NRR by exposing metal atoms and facilitating N2 adsorption. We studied
the NRR mechanism and found that certain Fe-doped MoS2 edge sites co-adsorb H and N2,
and that the vicinity of the two species offers a new reaction pathway, which we call “Hmediated enzymatic pathway”, that resembles N2 fixation by the iron-molybdenum
cofactor in nitrogenase. In this new mechanism, the overall NRR reaction may be
represented as N2(g) + 14(H+ + e-) → 2NH3(g) + 4H2(g). Compared to the standard enzymatic
pathway, N2(g) + 6(H+ + e-) → 2NH3(g), the H-mediated enzymatic pathway consumes eight
extra (H++e-) pairs and generates four H2(g) molecules. In this H-mediated enzymatic
pathway, H atoms that are co-adsorbed near the adsorption site reduce the thermodynamic
barrier for protonation of *N2 to *N2H and eventually leave the edge as H2(g). While HER
is likely to be favored at the larger potentials required to drive NRR, the fact that N2
adsorption is preferred over H adsorption at low potentials suggests that it may be possible
to dynamically modulate cathodic potential and drive selectivity towards NRR while
reducing losses to the parasitic HER.
In summary, our results indicate that experimental observations214,219 of higher NRR
activity of Fe-doped MoS2 based catalysts are likely to arise from sulfur vacancies
associated with Fe dopants and that such defects associated with single Fe dopant atoms,
rather than Fe dopant clusters, are more likely to be NRR active. Our studies also indicate
that the role of co-adsorbed H atoms at and near these active sites, an aspect that is usually
neglected in DFT models, ought to be considered more carefully and may even prove to be
beneficial in assisting catalytic reactions. Finally, we note that our present study is
restricted to reaction thermodynamics, and it will be interesting to understand in the future
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how reaction kinetics (energy barriers) are affected by Fe-doping, by the presence of coadsorbates, and by solvent effects.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
5.1 Conclusions
In conclusion, in this dissertation, we have proposed designs for inexpensive and efficient
electrocatalysts for electrochemical HER and NRR for sustainable H2 and NH3 production,
respectively. Specifically, we studied core-shell nanoparticles of WC and Pt (WC@Pt) and
2D MoSe2 monolayer for acidic HER, and 2D MoS2 monolayer for NRR. Based on our
DFT calculations and the analysis of thermodynamic stability, electronic structures,
reaction thermodynamics, and reaction pathways, we have suggested a combination of
support, dopant, and defect engineering strategies to improve the overall catalytic activity
of selected HER and NRR electrocatalysts. The key findings and conclusions of each
chapter in this dissertation are described below.

In Chapter 2, we studied core-shell nanoparticles composed of inexpensive WC cores and
Pt shells (WC@Pt) for acidic HER, and investigated the suitability of two WC phases (αWC and β-WC) as support materials for few-atom-thick Pt overlayers. Our DFT studies
revealed that β-WC is a better support material than α-WC for Pt overlayers, as one- and
two-atom-thick Pt overlayers are thermodynamically more stable on β-WC (111) supports
than α-WC (001) supports. Furthermore, we showed that moderate alloying/doping of βWC with Ti improves the thermodynamic stability of the β-WC core and β-WC@Pt coreshell nanoparticle without significantly affecting the electronic structure and catalytic
activity of Pt overlayers. Using HBE values as a descriptor of acidic HER activity and
electronic structure calculations, we found that α-WC and β-WC phases have a significant
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influence on catalytic activity and electronic structures of Pt overlayers in WC@Pt
nanoparticle. We found that a mere two-atom-thick Pt overlayer deposited on either βWC(111) or β-Ti0.125W0.875C (111) will display HER activity comparable to Pt (111)
surface, which is the “gold-standard” HER electrocatalyst.

Next, in Chapter 3, we studied semiconducting MoSe2 monolayers for HER. We
investigated select electron-rich transition-metal (TM) dopants—Mn, Fe, Co, and Ni—for
the activation of MoSe2 for HER in acidic media. We found that all of the selected TM
dopants render the defect-free MoSe2 basal plane more active for H adsorption (or HER).
We attributed the improved H adsorption on TM-doped MoSe2 basal planes to the new
electronic states that emerge in the basal plane after doping. In contrast with the inert
undoped MoSe2 basal plane, we found that Ni-doped MoSe2 basal planes show exergonic
H adsorption at the Se top site near the Ni dopant. We also found that all selected TM
dopants destabilize their nearest-neighbor Se atom and weaken the metal-Se bond, which
renders the Se atom more reactive. As a result, the formation of HER active Se vacancy
sites in the MoSe2 basal plane becomes more facile via the electrochemical deselenization
reaction (DSR) at relatively small cathodic potentials. Besides the basal plane, we studied
Se and Mo edges of MoSe2 and found that MoSe2 edges undergo significant relaxation and
reconstruction after TM doping. However, defect-free MoSe2 edges become slightly less
favorable for H adsorption (or HER) after TM doping. The Se vacancy formation, on the
other hand, becomes more facile on MoSe2 edges after TM doping. From calculated
hydrogen binding energy (HBE) values, we predicted and compared acidic HER activity
of various MoSe2 adsorption sites using literature data for volcano plots. We found the Se
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top site in the Ni-doped MoSe2 basal plane, the Se vacancy sites in undoped and TM doped
basal planes, and Se edges to be highly active for HER. Therefore, we conclude that doping
of MoSe2 and other similar transition-metal dichalcogenides with electron-rich TM dopants
(Mn, Fe, Co, and Ni) is an effective strategy to activate the larger electrochemical surface
area of the catalyst for HER and improve the catalytic activity.

Finally, in Chapter 4, we presented DFT studies of NRR on semiconducting MoS 2
monolayers. We showed that doping MoS2 with iron (Fe) is a promising approach to
generate new NRR active and selective sites at MoS2 edges. We found that Fe doping
profoundly affects the structure of MoS2 edges and favors the formation of NRR-active
and selective S vacancy sites at these doped edges. Introducing multiple S vacancy sites at
the edges exposes undercoordinated metal atoms which activate the Fe-doped MoS2 edges
for NRR. Defect-rich Fe-doped S edges (50% S coverage) with undercoordinated metal
atoms sites can favorably activate the inert N2 molecule and reduce it to NH3 via the NRR
at moderate cathodic potentials. We proposed a new reaction pathway, which we call the
“H-mediated enzymatic pathway” for NRR, that is thermodynamically more favorable than
conventionally studied distal, alternating, and enzymatic pathways on the defect-rich S
edge of Fe-doped MoS2. In the H-mediated enzymatic pathway, co-adsorbed H atoms (that
are adsorbed near the NRR site) indirectly participate in NRR, facilitating the initial
protonation of *N2 to *N2H; and eventually desorbing from the edge as H2 (g). To sum up,
we showed that doping MoS2 with Fe will improve the NRR activity and selectivity of
MoS2 electrocatalyst. We also highlighted the role of co-adsorbed H atoms in the NRR,
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which suggests that adsorbate-adsorbate interactions must be carefully accounted for when
investigating NRR mechanisms on catalyst surfaces.

5.2 Future Research Directions
5.2.1. Reaction Kinetics of HER and NRR
In Chapters 2 and 3, we used HBE values as a sole descriptor of HER activity and so, our
predictions are based solely on reaction thermodynamics. In practice though, HER activity
depends on both reaction thermodynamics and reaction kinetics. For example, TMDs such
as MoSe2 and MoS2, have adsorption sites on which HER thermodynamics is highly
favorable, but in experiments153,197–199 these TMDs display small HER activity because of
the large activation barriers, which result in sluggish HER kinetics and small reaction rates.
Hence, in future work, to better understand the HER activity of undoped and TM doped
MoSe2 and similar TMD electrocatalysts, we should consider both HER kinetics and
thermodynamics. In Chapter 3, we showed that TM doping improves the HER
thermodynamics on the MoSe2 basal plane. So, to complement the thermodynamics study,
it would be interesting to understand how HER activation-energy barriers vary on undoped
and TM-doped MoSe2 basal planes and edges. Also, with activation-energy barriers, we
can predict the HER rates and determine relevant kinetic parameters via microkinetic
modeling. In a similar vein, we can also investigate the NRR reaction kinetics on Fe doped
MoS2 to determine the rate-limiting step and activation energy of the newly proposed Hmediated enzymatic NRR pathway. For the activation-energy barrier calculations, we can
use the climbing-image nudged elastic band (NEB) method,238 to find the minimum energy
path and locate the transition state (the first-order saddle point) between the reactant and
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product states. In addition, to verify the transition state, we should perform the vibrational
frequency calculations to confirm that the reaction pathway has only one imaginary
vibrational frequency.

5.2.2. Influence of Solvents on Electrochemical Reactions and Catalytic Activity
In this work, we studied electrochemical reactions at the electrode (catalyst) and
vacuum interfaces, which means that we only considered interactions between the catalyst
and adsorbates. However, in actual systems, reactions occur at the electrode-electrolyte
interface. So, besides catalyst-adsorbate interactions, catalyst-electrolyte and adsorbateelectrolyte interactions also occur during electrochemical reactions. Hence, it is important
that we also include solvent (electrolyte) effects in our DFT models to simulate reactions
at the electrode-electrolyte interface. Previous studies show that solvents can significantly
influence the reaction mechanisms, catalytic activity, and selectivity. For example, from
the literature, we know that HER activities of catalysts and reaction mechanisms change in
acidic and alkaline electrolytes.1,4 In addition, for NRR, Singh et al. have shown that NRR
selectivity and activity of catalysts are higher in aprotic solvents than in proton-rich
solvents.16,17 Specifically, we believe that solvent effects will be important during NRR on
Fe-doped MoS2 and other similar TMDs electrocatalysts, because some NRR intermediates
are polarizable and form hydrogen bonds with the solvent or electrolyte molecules. The
hydrogen bond formation can stabilize/destabilize the NRR intermediates, which may then
affect the NRR reaction pathway, reaction thermodynamics, and reaction kinetics.
One way to model the electrode-electrolyte interface is to use explicit models of
both the solute (electrode) and the electrolyte (solvent),239,240 however, this approach is
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computationally very expensive as it involves optimization of a large number of degrees
of freedom of solute and solvent atoms (or molecules). In addition, we also need to sample
a larger configuration space of solvent molecules, to predict the average free energy of
reactions, which is computationally very expensive. Another way to model the electrodeelectrolyte interface is to describe the solvent with a computationally inexpensive implicit
solvent model, such as the linearized Poisson-Boltzmann equation (a polarizable
continuum model), and only describe the solute (catalyst) immersed in an implicit solvent
with DFT.27,241 However, the implicit model cannot describe hydrogen bonding between
reaction intermediates and solvent molecules, and might therefore miss important
stabilization mechanisms at the solute–solvent interface. To keep calculations
computationally tractable, we can instead use a combination of explicit and implicit solvent
models to describe the catalyst-electrolyte interface, wherein we only include a few solvent
molecules explicitly near the catalyst and immerse the entire system (catalyst and explicit
solvent molecules) in implicit solvent.26,242 For example, to understand the influence of
water (solvent) on NRR at the Fe-doped MoS2 edge, we can place a cage of H2O molecules
near the NRR/HER active site on the Fe-doped MoS2 edge and then immerse the Fe-doped
MoS2 edge as well as the H2O cage in implicit solvent. For such calculations, instead of
assuming a random H2O cage structure near the Fe-doped MoS2 edges, we can use the
following procedure (Figure 5.1):
(1) Fill the vacuum region of the doped or undoped MoS2 ML nanoribbon model with
H2O molecules; the ice bilayer structure may be used as an initial configuration for
H2O.
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(2) Run ab initio molecular dynamics (AIMD) in the canonical ensemble with a NoseHoover thermostat and ramp up the temperature of the system from 0 K to 400 K.
To prevent significant structural and/or numerical instabilities in the system during
the AIMD simulation, excessively high temperatures or ramp rates should be
avoided (~10 K/ionic step).
(3) Run the AIMD simulation (~0.5-1 ps) while maintaining the system at 400 K.
(4) Cool the system from 400 K to 0 K. To avoid falling into the local minima too
easily, the cooling rate should be small, for example, 1 K/ionic step.
(5) Remove H2O molecules from the system that are not within the first and second
solvation shells near the NRR/HER active site. The remaining H2O molecules (or
the H2O cage) now describe the structure of the first and second solvation shells
near the NRR/HER active site.
(6) To avoid artefacts from excessive solvent reorganization, the H2O molecules in the
second solvation shell can be treated as part of bulk solvent (frozen at current
positions) and only H2O molecules in the first solvation shell are allowed to relax
during further structural relaxations.
(7) Thereafter reaction thermodynamics at the solvated edge can be studied as usual.
Beyond aqueous solutions, it would also be interesting to understand how NRR activity
and reaction mechanisms vary with different solvents. Complementarily, it would also be
interesting to understand how the thermodynamics of competing reactions, NRR, HER,
and electrochemical S vacancy formation via DSR are affected by solvents.
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Figure 5.1 Steps to obtain the H2O cage structure near the MoS2 ML edges from the
AIMD simulation. (a)-(d) MoS2 ML (a nanoribbon model) immersed in the H2O solvent
(ice bilayer structure). (e)-(f) The S-edge of MoS2 ML with the H2O cage in the vacuum.
(g) The S-edge of MoS2 ML with the H2O cage in implicit solvent. Red and blue arrows
in (f) and (g) show the first and second solvation shells of the H2O cage, respectively.
The dashed curve in (f) and (g) is a guide to the eye that shows the boundary between
the first and second solvation shells. Red, peach, yellow, and violet-gray color spheres
show O, H, S, and Mo atoms, respectively.

5.2.3. Electrocatalytic Reactions at Constant Electrode Potential
In actual electrochemical systems, reactions occur under constant potential
conditions (grand canonical ensemble) rather than at constant particle number (canonical
ensemble).243 However, our current studies assume that reactions occur on the neutral
electrodes and electrode potential is only accounted for via the assumptions of the
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computational hydrogen electrode. In reality, electrode potentials affect both reaction
thermodynamics and kinetics, as the orientation, polarization, and adsorption properties of
solvent molecules and adsorbates change with the electrode potential at the electrodeelectrolyte interface.26,244,245 So, in future work, in addition to solvent effects, we should
also examine the effect of applied electrode potentials explicitly in DFT calculations. In
particular, we need to understand how electrode potentials affect the structure and
thermodynamic stability of catalyst surfaces/edges and how reaction pathways, potential
determining steps (thermodynamic energy barrier) and rate-determining steps (activation
energy barrier) change as a function of electrode potential.
To study the electrode potential dependence of NRR on undoped or doped MoS2
edges, we can use the grand-canonical DFT approach,26,246–248 which involves explicit
charging of the catalyst (electrode) surface by the addition or removal of electrons from
the system. Typically, the electrode potential depends directly on the surface charge. So,
changing the surface charge of the electrode essentially changes the electrode potential.
The double-reference method developed by Filhol and Neurock249,250 can then be employed
to calculate the grand-canonical energy as a function of electrode potential.
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1. Surface energy calculations
For stoichiometric surfaces of WC, the surface energy (𝛾) is defined as,
𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝐸𝑆𝑙𝑎𝑏 − 𝑁𝑊𝐶 µ𝑊𝐶 (𝐵𝑢𝑙𝑘)
𝐴0

,

(F.1)

where ESlab is the energy of periodic and symmetric surface slab, µWC (Bulk) is the chemical
potential of bulk α-WC or β-WC per WC pair, NWC is the total number of WC pairs in the
slab, and 𝐴0 is total surface area of the slab.
For non-stoichiometric surfaces, the surface energy (𝛾) is defined as,123,124
𝛾𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝐸𝑆𝑙𝑎𝑏 − 𝑁𝑊 𝜇𝑊 − 𝑁𝐶 𝜇𝐶
,
𝐴0

(F.2)

𝜇𝑊𝐶(𝐵𝑢𝑙𝑘) = 𝜇𝑊 + 𝜇𝐶 ,

(F.3)

mC,graphene + DH f ,a /b -WC < mC < mC,graphene ,

(F.4)

where µW and µC are the chemical potentials of bulk bcc W and C (graphene) respectively,
NW and NC are the numbers of W and C atoms in the slab, and 𝐴0 is the total surface area
of the slab.
Figure F1 reports surface energies for various WC surfaces and is in good agreement with
prior results of Li et al. 108 and Yates et al.93
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Figure F1. Surface energies of select low Miller-index surfaces of (a) α-WC and (b) βWC as a function of chemical potential of carbon (relative to graphene)
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Figure F2. Relaxed structure of Pt ML over α-WC (001) support in the p-(4x4) R15°
supercell. W and Pt atoms are indicated by blue and grey spheres, respectively; C atoms
are not visible in this view. The relaxed Pt ML has regions of both compressive and
tensile strain; bond strains, εb=a/aPt(111)-1 (aPt(111)=2.81 Å), are indicated at a few
sites.
2. DFT-based ab initio molecular dynamics (AIMD)
To test the stability of Pt monolayers over β-WC (111) and β-WC (001) surfaces, PtML/βWC (111) and PtML/β-WC (001) slabs were subjected to DFT-based ab initio molecular
dynamics (AIMD) at elevated temperatures. The system was heated from 0 to 1000 K at a
rate of 2 K/fs over a duration of 0.5ps and then held at 1000K for another 0.5ps in a
canonical ensemble. The monolayers retain their structural integrity over this entire process
(Figures F3 & F4).
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Figure F3. PtML/β-WC (111) before (left) and after (right) AIMD trajectory.

Figure F4. PtML/β-WC (001) before (left) and after (right) AIMD trajectory.
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3. Preferred location of Ti atoms in β-WC (111) and PtML /β-WC (111) slabs
To determine the preferred sites for Ti atoms in β-WC (111) and PtML /β-WC (111) slabs
(shown in Figures F6 & F7), we calculated the heat of formation, Ef, of the slabs with a
single Ti dopant atom in different W layers of the slab; the three bottommost layers (2 C
and 1 W) were frozen to simulate bulk-like conditions while the remaining layers were
subjected to structural relaxation. The heat of formation is defined as
𝐸𝑓 =

𝐸𝑆𝑙𝑎𝑏 −𝑛𝑊 𝜇𝑊 −𝑛𝐶 𝜇𝐶 −𝑛𝑃𝑡 𝜇𝑃𝑡 −𝜇𝑇𝑖
𝑉

,

(F.5)

where 𝐸𝑆𝑙𝑎𝑏 is the total energy of slab; 𝜇𝑊 , 𝜇𝐶 , 𝜇𝑃𝑡 𝑎𝑛𝑑 𝜇 𝑇𝑖 are the chemical potentials
of bulk W, C (graphene), Pt and Ti; 𝑛𝑊 , 𝑛𝐶 , 𝑛𝑃𝑡 are the number of W, C and Pt atoms
in the slab; and V is volume of the slab. As seen from Figures F6 & S7, there is a slight
preference for the Ti atom to occupy the second W subsurface layer; the energy
differences are small enough though that the alloy such segregation effects may be
neglected in the DFT model.
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Figure F5. Heat of formation of (a) β-WC (111) and (b) PtML/β-WC (111) slabs as
function of the position of a single Ti dopant atom (W – large blue spheres; C – small,
brown spheres; Pt-large grey spheres).

Figure F6. Partial charge density of PtML/α-WC (001) within an energy window of ±0.2
eV of the Fermi level; isosurfaces are plotted at a value of 0.007 e/Å3.
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Figure F7. Total density of states for various PtML/β-TixW1-xC (111) systems studied.

Figure F8. (a) Schematic of the supercell for the WC surface slabs and (b) illustration
of the Pt (111) ML being rotated by an angle θ° with respect to WC surface supercell.
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Table F1. Pt/WC slab models used in the calculation of formation energies; α and β are
fixed at 90° for all slabs and θ is the relative rotation between the Pt (111) layer and the
WC slab (see schematic in Figure F8)
Slab Model

1.

Pt1-2ML/α-WC (001)

Wood’s

Relative

Misfit

Notation

rotation

factor

(θ)

(η)

0°

+3.90%

p-(1x1) R0°

Common unit cell

a=2.92 Å, b=2.92
Å
γ=120°

2.

Pt1-2ML /α-WC (001)

-

0°

+3.00%

a=2.92 Å, b=42.99
Å
γ=109.84°

3.

Pt1-2ML /α-WC (001)

p-(4x4)

15°

-0.10%

R15°

a=10.11 Å,
b=10.11 Å
γ=60°

4.

Pt1-2ML /β-WC (001)

-

4°

+1.05%

a=9.79 Å, b=19.58
Å
γ=53.13°

5.

Pt1-2ML /β-WC (111)

p-(1x1) R0°

0°

+9.75%

a=3.10 Å, b=3.10
Å
γ=120°

6.

Pt1-2ML /β-WC (111)

p-(4x4)

23.3°

R23.3°

+1.19%

a=12.38 Å,
b=12.38 Å
γ=60°
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7.

Pt1-2ML /β-WC (111)

-

23.3°

-1.38%

a=12.36 Å,
b=24.52 Å
γ = 19.11°

8.

Pt1-2ML /β-TixW1-xC

-

23.3°

-1.38%

a=12.36 Å,

(111)

b=24.52 Å
γ = 19.11°

Table F2. HBEs of β-TixW1-xC (111) and PtML/β-TixW1-xC (111) surfaces with random and
segregated substitution of W atoms with Ti atoms
Surface

HBE (eV)
Random

Segregated

β-Ti0.125W0.875C (111)

-0.70

-0.65

β-Ti0.22W0.78C (111)

-0.68

-0.65

PtML/β-Ti0.125W0.875C (111)

+0.03

-0.01

PtML/β-Ti0.22W0.78C (111)

+0.01

+0.03

Table F3. HBEs of various surfaces studied in this paper; the Pt layers can show significant
heterogeneity in local strains and only the most stable binding energies among several sites
sampled are reported here
Surface
Pt (111)

Site
Hcp hollow
Fcc hollow
Top
Hcp hollow
Fcc hollow
Top
Hcp hollow
Fcc hollow
Top
Hcp hollow
Fcc hollow

α-WC (001)
PtML/α-WC (001)
Pt2ML/α-WC (001)
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HBE (eV)
-0.47
-0.41
-0.42
-0.75
-0.91
+0.38
-0.41
-0.38
-0.49
-0.52
-0.52

Top
Bridge
Top W
Top C
Hcp hollow
Fcc hollow
Top
Hollow
Bridge
Top
Hollow
Bridge
Top
Hcp hollow
Fcc hollow
Top
Hollow
Bridge
Top
Hollow
Bridge
Top
Hcp hollow
Fcc hollow
Top
Hollow
Bridge
Top
Hollow
Bridge
Top

β-WC (001)
β-WC (111)
PtML/ β-WC (111)
Pt2ML/ β-WC (111)
β-Ti0.125W0.875C (111)
PtML/ β-Ti0.125W0.875C (111)
Pt2ML/ β-Ti0.125W0.875C (111)
β-Ti0.22W0.78C (111)
PtML/ β-Ti0.22W0.78C (111)
Pt2ML/ β-Ti0.22W0.78C (111)

174

-0.09
-0.04
+0.10
-0.02
-0.94
-0.94
-0.81
-0.03
+0.01
+0.15
-0.50
-0.35
-0.45
-0.70
-0.68
-0.60
+0.06
+0.03
+0.16
-0.44
-0.46
-0.44
-0.68
-0.64
-0.66
+0.05
+0.01
+0.15
-0.53
-0.48
-0.49

Table F4. HBEs of various adsorption sites on Pt2ML/β-TixW1-xC (111) surfaces.
Adsorption sites (a-top, bridge, and hollow) on Pt2ML/β-TixW1-xC surfaces are chosen based
on the value of d-band center of surface Pt atoms relative to their fermi-level (Ed-Ef) to
ensure that we get a range of HBE (maximum and minimum value of HBE) on the surface,
for instance, a-top sites with d-band center nearest and farthest to the fermi-level are
sampled. Similarly, bridge and hollow sites are selected, but using the average values of
‘Ed-Ef,’ of Pt atoms of bridge and hollow sites.
Pt2ML/β-WC (111)
Site
TOP
TOP
Bridge
Bridge
Hollow
Hollow
Hollow
Pt2ML/β-Ti0.125W0.875C (111)
Site
TOP
TOP
Bridge
Bridge
Hollow
Hollow
Hollow
Pt2ML/β-Ti0.22W0.78C (111)
Site
TOP
TOP
Bridge
Bridge
Hollow
Hollow
Hollow
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Ed-Ef (eV)
-2.19
-2.40
-2.21
-2.28
-2.32
-2.24
-2.28

HBE (eV)
-0.45
-0.38
-0.35
-0.32
-0.46
-0.50
-0.29

Ed-Ef (eV)
-2.58
-2.38
-2.55
-2.42
-2.51
-2.45
-2.49

HBE (eV)
-0.28
-0.44
-0.44
-0.46
-0.43
-0.37
-0.44

Ed-Ef (eV)
-2.49
-2.28
-2.45
-2.30
-2.42
-2.33
-2.34

HBE (eV)
-0.40
-0.49
-0.44
-0.48
-0.43
-0.49
-0.53

alloy
Figure F9. Heat of formation of β-TixW1-xC alloy, DH f (Eq. F.6), as a function of Ti

content (x%) with PBE, PBE+U, and SCAN functionals.
DH

alloy
f

=

mTi W

x 1-x C

- N Ti mTi - NW mW - N C mC
N MC
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(F.6)
,

Figure F10. Hydrogen binding energy (HBE) versus d-band center relative to the
Fermi-level (Ed-Ef) of various adsorption sites on Pt2ML/β-TixW1-xC (111) surfaces
(Table F4); the solid line is a guide to the eye that shows the data that follow the d-band
model.
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APPENDIX G
SUPPORTING INFORMATION FOR CHAPTER 3: DOPANT AND DEFECT
ENGINEERED TWO DIMENSIONAL MoSe2 MONOLAYER FOR THE
HYDROGEN EVOLUTION REACTION
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Figure G1. Top and side view of the defect-free TM-doped MoSe2 (a) basal plane, (b)
Se-edge, and (c) Mo-edge; Pink, violet and green spheres represent TM-dopant, Mo and
Se atoms, respectively. Atoms marked with letter ‘T’ are displaced from their
equilibrium position to calculate the vibrational frequency (𝜔𝑖 ) of MoSe2 ML with and
without one Se vacancy, for EZPE and Svib calculations. (d) Top view of the defect-free
2H-MoSe2 basal plane: dTM-Se is the bond length between TM (shown by pink sphere)
and its nearest neighbors Se atoms; Se top site for H adsorption is shown by an orange
sphere.
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Table G1. Dopant–Se bond lengths (dTM-Se), dopant magnetic moments and dopant
oxidation states in TM-doped basal planes: bond lengths are color-coded as indicated in
Figure G1(d)
TM
dTM-Se (Å)
dTM-Se (Å)
dTM-Se (Å)
Magnetic
Oxidation
moment
State of
TM
Mo
2.54
2.54
2.54
0
+4
(Undoped)
Mn
2.46
2.46
2.41
1
+4
Fe

2.45

2.42

2.42

2

+4

Co

2.44

2.36

2.44

1

+4

Ni

2.76

2.37

2.36

2

+2

Table G2. Substitution energy, Es, of Mo by a TM atom defined as 𝐸𝑠 = 𝐸𝑀𝐿+𝑇𝑀 −
𝐸𝑀𝐿 − 𝜇 𝑇𝑀 + 𝜇𝑀𝑜 where 𝐸𝑀𝐿+𝑇𝑀 , and 𝐸𝑀𝐿 are the 0K DFT energies of TM-doped and
undoped MoSe2 MLs, respectively, and 𝜇 𝑇𝑀 and 𝜇𝑀𝑜 are the chemical potentials of TM
and Mo atoms, respectively.
TM-dopant
Mo
Mn
Fe
Co
Ni

Es
Basal Plane
0.00
1.60
2.46
3.18
3.89

Es
Mo-edge (θSe=0.5)
0.00
0.28
0.86
0.83
1.13
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Es
Se-edge (θSe=1.0)
0.00
0.63
1.10
1.04
1.28

Figure G2. (a) Schematic of defect-free MoSe2 basal plane with hydrogen (shown by
red sphere) adsorbed on Se-top site (shown by orange sphere). Violet, green, pink, and
red spheres represent Mo, Se, TM and H atoms, respectively. (b)-(f) angular-momentum
projected density of states (DOS) of Se adsorption site (solid lines) and adsorbed H atom
(dotted lines) in undoped and TM-doped basal planes; vertical black dashed lines
indicate the Fermi level and all energies are reported relative to the vacuum level.
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Figure G3. Free-energy plots for HER and DSR at defect-free (a) undoped, (b) Mndoped, (c) Fe-doped, (d) Co-doped and (e) Ni-doped basal planes. UL is the limiting
(cathodic) potential, relative to the reversible hydrogen electrode (RHE), required to
make HER or DSR exergonic. *Se, *SeH and * represent pristine MoSe2 monolayer
(ML), MoSe2 ML with an adsorbed H atom, and MoSe2 ML with a Se vacancy,
respectively. HER occurs upon transfer of one H++e- pair whereas DSR requires transfer
of two H++e- pairs.
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Figure G4. (a) Thermodynamic stability of Mo edge with θSe=0.5 relative to the Mo
edge with θSe=1.0, ∆𝐸𝜃𝑆𝑒=0.5 𝑣𝑠 1.0 , plotted as a function of ∆µSe. ∆µSe is varied between
∆𝐻𝑓,2𝐻−𝑀𝑜𝑆𝑒2 and 0; ∆𝐻𝑓,2𝐻−𝑀𝑜𝑆𝑒2 is the heat of formation of an isolated MoSe2
monolayer in its ground state 2H-phase and its value is -2.05 eV. (b) Magnified portion
of (a) in the range ∆µSe = -1.6 eV – -1.0 eV.
Calculation of relative stability of Se coverage (θSe) on Mo edge
Thermodynamic stability of the Mo-edge with θSe=0.5 relative to the Mo-edge with
θSe=1.0, ∆𝐸𝜃𝑆𝑒=0.5 𝑣𝑠 1.0 , is calculated as
∆𝐸𝜃𝑆𝑒=0.5𝑣𝑠1.0 = (𝐸𝜃𝑆𝑒 =0.5 + ∆𝑛𝑆𝑒 × 𝜇𝑆𝑒 ) − 𝐸𝜃𝑆𝑒 =1.0,
with
∆𝑛𝑆𝑒 = (𝑛𝑆𝑒 𝜃=1.0 ) − (𝑛𝑆𝑒 𝜃=0.5 ),
𝑜
𝜇𝑆𝑒 = 𝜇𝑆𝑒
+ ∆𝜇𝑆𝑒 ,
𝑏𝑢𝑙𝑘

where 𝐸𝜃𝑆𝑒 =0.5 and 𝐸𝜃𝑆𝑒=1.0 are the DFT (0 K) energies of the Mo edge with 50% and 100%
Se coverage, respectively. 𝑛𝑆𝑒 𝜃=0.5 and 𝑛𝑆𝑒 𝜃=1.0 are the number of Se atoms at Mo edge
𝑜
with 50% and 100% Se coverage, respectively; 𝜇𝑆𝑒 , and 𝜇𝑆𝑒
are the chemical potential
𝑏𝑢𝑙𝑘
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of Se and bulk Se (reference phase), respectively. Negative values of ∆𝐸𝜃𝑆𝑒=0.5 𝑣𝑠 1.0 in
Figure, G4 indicates that 50% Se coverage is thermodynamically more stable than 100%
Se coverage at Mo edges over a wide range of ∆µSe.

Figure G5. Side view of the relaxed structures of (a) undoped (b) Mn-doped (c) Fedoped (d) Co-doped and (e) Ni-doped Se edges. Violet, green, pink, golden, blue, and
grey spheres represent Mo, Se, Mn, Fe, Co, and Ni atoms, respectively. Se atoms in
neighborhood of TM dopant are labelled as A, B, C, and D.

Table G3. Bond lengths between TM (Mo, Mn, Fe, Co and Ni) and Se (A, B, C, and D)
atoms at Se edge after TM doping; dTM-Se and dSe-Se are the bond length between TM-Se
and Se-Se atoms, respectively (see Figure G5)
dTM-Se (Å)
dSe-Se (Å)
dTM-A

dTM-B

dTM-C

dTM-D

dA-C

dB-D

Mo
(Undoped)
Mn

2.58

2.53

2.58

2.47

2.36

3.33

2.46

2.45

2.46

2.44

2.33

3.26

Fe

2.43

2.42

2.43

2.42

2.31

3.22

Co

3.84

2.37

2.32

2.38

2.39

3.29

Ni

3.85

2.34

2.36

2.36

2.37

3.32
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Relaxed Se edge before
H adsorption

Relaxed Se edge after H
adsorption

(a) Mo1

(b) Mo2

(c) Mn

(d) Fe

(e) Co

(f) Ni

Figure G6. Side view of the relaxed structures of (a)-(b) undoped, (c) Mn-doped, (d)
Fe-doped, (e) Co-doped, and (f) Ni-doped Se edges before and after H adsorption. In
(a) and (b), the H atom was adsorbed at dimerized (Mo1) and non-dimerized (Mo2) Se
atoms, respectively; H-adsorption sites are indicated by a black star. On undoped Se
edges, HER and DSR are most favorable at dimerized and non-dimerized Se atoms,
respectively, indicating that, HER and DSR do not compete for same Se site. However,
on all doped Se edges, both HER and DSR compete for same non-dimerized Se atom
[shown by black stars in (c)-(f)]. Violet, green, pink, golden, blue, grey, and red spheres
represent Mo, Se, Mn, Fe, Co, Ni and H atoms, respectively.
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Figure G7. Angular-momentum-projected density of states (DOS) of H-adsorption site
(Se atom indicated by black star in Figure G6) on (a)-(b) undoped, (c) Mn-doped, (d)
Fe-doped, (e) Co-doped, and (f) Ni-doped Se edges; red, green, and blue solid lines
represent DOS of s, p and d bands, respectively, of Se atom. The vertical black dashed
lines indicate the Fermi level. All energies are reported relative to the vacuum level.
Structural models of Se edges are shown in Figure G6.
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Figure G8. Free-energy plots for HER and DSR at defect-free (a) undoped (b) Mndoped, (c) Fe-doped, (d) Co-doped, and (e) Ni-doped Se edges. UL is the limiting
(cathodic) potential (relative to RHE), required to make HER or DSR exergonic. *Se,
*SeH, and * represent the MoSe2 monolayer (ML), MoSe2 ML with an adsorbed H
atom, and MoSe2 ML with a Se vacancy, respectively. HER occurs upon transfer of one
H++e- pair whereas DSR requires transfer of two H++e- pairs.
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Relaxed Mo edge
before H adsorption

Relaxed Mo edge after
H adsorption

(a) Mo

(b) Mn

(c) Fe

(d) Co

(e) Ni

Figure G9. Side view of the relaxed structures of (a) undoped, (b) Mn-doped, (c) Fedoped, (d) Co-doped, and (e) Ni-doped Mo-edges (θSe=0.5) before and after H
adsorption. Most favorable sites for HER (or H adsorption) on Mo edges are indicated
by the black star. Most favorable sites for HER and DSR are different on only (d) Codoped Mo edge, while in all other cases HER and DSR compete for same Se-atom on
Mo edges; DSR site on Co-doped Mo edge is shown by a red star. Violet, green, pink,
golden, blue, grey, and red spheres represent Mo, Se, Mn, Fe, Co, Ni and H atoms,
respectively.
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Figure G10. (a) Side view and (b) top view of the undoped and TM-doped Mo edges
with θSe=0.5. Violet, green, and pink spheres represent Mo, Se, and TM (Mo, Mn, Fe,
Co, and Ni) atoms, respectively. The two Se atoms bonded to TM-dopants at the Mo
edge (θSe=0.5) are labelled as A and B. Red and blue stars in (a) show Mo-atoms which
are bonded to A and B Se atoms, respectively.

Table G4. Bond lengths between TM, Mo and Se (A and B) atoms at clean Mo edge
(θSe=0.5) after TM doping. dTM-Se, dMo-Se, and dMo-TM are the bond length between TMSe, Mo-Se and Mo-TM atoms, respectively (see Figure G10).
dTM-Se (Å)
dMo-Se (Å)
dTM-A

dTM-B

dMo-A

dMo-B

Mo
(Undoped)
Mn

2.57

2.43

2.58

2.58

2.46

2.48

2.54

2.52

Fe

2.41

2.43

2.54

2.53

Co

2.43

2.44

2.51

2.51

Ni

2.48

2.48

2.50

2.50
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Figure G11. (a) Free-energy change of H adsorption (∆GH) at undoped (Mo) and TMdoped Mo edge (θSe=0.5). Yellow and green bars show approximate contribution of
electronic interactions between H and MoSe2 ML (∆GElectronic) and structural relaxation
or reconstruction (∆GStructural) with ∆GH=∆GElectronic+∆GStructural. Blue dashed line
represents ∆GH for Pt(111) surface. (b-f) Angular-momentum-projected density of
states (DOS) of H-adsorption site (Se atom indicated by black star in Figure G9) on (b)
undoped, (c) Mn-doped, (d) Fe-doped, (e) Co-doped and (f) Ni-doped Mo edges. Red,
green, and blue solid lines represent s, p and d DOS, respectively, of the Se atom while
the vertical black dashed lines indicate the Fermi level. All energies are reported relative
to the vacuum level.
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Figure G12. Free-energy plots for HER and DSR at (a) undoped (b) Mn-doped, (c) Fedoped, (d) Co-doped (e) Ni-doped Mo edge (θSe=0.5), and (f) Ni-doped Mo edge
(θSe=0.375). UL is the limiting (cathodic) potential (relative to RHE), required to make
HER or DSR exergonic. *Se, *SeH and * represent the pristine MoSe2 monolayer (ML),
MoSe2 ML with an adsorbed H atom, and MoSe2 ML with a Se-vacancy, respectively.
HER occurs upon transfer of one H++e- pair whereas DSR requires transfer of two H++epairs.
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Figure G13. Volcano plot for HER in acidic media (black dashed line) from Esposito
et al.47 The HER exchange current densities [log(i0, A cm-2)] is plotted against the
hydrogen binding energy (HBE). The HER exchange current densities (or HER
activities) for various surface sites of TM-doped MoSe2 are estimated by superimposing
their calculated HBEs over the volcano plot. The defect-free undoped basal plane and
the defect-free Mn- and Fe-doped basal planes have highly unfavorable HBEs of +1.80
eV, +0.87 eV and +0.55 eV, respectively. Consequently, they show extremely poor HER
activities and are not shown on this volcano plot.
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APPENDIX H
SUPPORTING INFORMATION FOR CHAPTER 4: IDENTIFYING A NEW
PATHWAY FOR NITROGEN REDUCTION REACTION ON Fe-DOPED MoS2
BY THE CO-ADSORPTION OF HYDROGEN AND N2
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Figure H1. Examples of triangular flake models of MoS2 ML, used for the calculation
of edge formation energy, with side length l1 and l2 ; all three sides (edges) and vertices
of the triangle are assumed to be identical. Gold, yellow, and violet-grey spheres show
Fe, S, and Mo atoms, respectively. For edges with 0%, 50%, 100% S-coverages, we
used two triangular flakes with (a) 8 and (b) 7 metal atoms at the edge. For edges with
75% S-coverage, we used two triangular flakes with (a) 8 and (c) 6 metal atoms at the
edge.
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Figure H2. Edge formation energy of select (a) undoped MoS2 ML edges, (b) 1Fedoped MoS2 ML edges, (c) 2Fe-doped MoS2 ML edges, (d) FullFe-doped MoS2 ML
edges, as a function of change in chemical potential of sulfur, ∆µS, where −0.77 ≤
Δ𝜇𝑆 ≤ 0.
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Figure H3. Formation of multiple sulfur vacancies via DSR to produce (a) VS@1FeS50 from 1Fe-S100, (b) VS@FullFe-S50 from FullFe-S75, and (c) 2VS@1Fe-Mo50
from 1Fe-Mo50 edges. Gold, violet-grey, and yellow spheres represent the Fe, Mo, and
S atoms, respectively.
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Figure H4. (a) S atom and VS sites on the 1Fe-doped (1Fe-BSL), 2Fe-doped (2Fe-BSL)
and 3Fe-doped (3Fe-BSL) MoS2 ML basal plane. (b) ∆GDSR for 1st S-vacancy formation
on undoped, 1Fe-BSL, 2Fe-BSL and 3Fe-BSL MoS2 ML basal plane. (c) ∆GH, and (d)
∆GN2 at S atom and VS on undoped, 1Fe-BSL, 2Fe-BSL and 3Fe-BSL MoS2 ML basal
plane.

197

(a)

(b)

Figure H5. (a) Reaction network for NRR at the VS@1Fe-S50 site (at UL=0, low
overpotential): the most favorable, H-mediated enzymatic pathway is shown by blue
arrows; solid and dashed arrows show faradaic and non-faradaic steps, respectively;
black arrows show steps with higher free-energy change (∆G); values of ∆G (in eV) are
indicated for each reaction step. (b) Free-energy diagram of *H, and *N2 formation on
the VS@1Fe-S50 site at UL=0, -0.16 and -0.42 V (vs RHE); non-faradic and faradic
reaction steps are connected by dashed and solid lines, respectively; structural models
on the right display the optimized structures of the adsorbed H atom (*H) and N2
molecule (*N2) on the VS@1Fe-S50 site.
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Figure H6. Top view of the VS@1Fe-S50 site with various NRR intermediates
corresponding to the reaction network in Figure H5. Gold, red, violet-grey, yellow, and
silver spheres represent the Fe, H, Mo, S, and N atoms, respectively.
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(a)

(b)

Figure H7. (a) Reaction network for H adsorption and NRR at the VS@FullFe-S50 site
(at UL=0, low overpotential). Blue solid arrows indicate the most favorable steps; solid
and dashed arrows show faradaic and non-faradaic steps, respectively. Values of ∆G (in
eV) are indicated for each reaction step. (b) Free-energy diagram of *H, 2*H, and
*N2+*H formation on the VS@FullFe-S50 site at UL=0 V (blue) and UL = -0.30 V (red),
where UL is the applied limiting potential (vs. RHE). Non-faradaic and faradaic reaction
steps are connected by dashed and solid lines, respectively. Structural models on the
right show the optimized structures of the clean adsorption site (*), adsorbed H atom
(*H), co-adsorbed N2 molecule and H atom (*N2+*H), and two co-adsorbed H-atoms
(2*H). Gold, red, violet-grey, yellow, and silver spheres represent the Fe, H, Mo, S, and
N atoms, respectively.
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Figure H8. Top and side view of the VS@FullFe-S50 site with various NRR
intermediates corresponding to the reaction network in Figure H7. Gold, red, violetgrey, yellow, and silver spheres represent the Fe, H, Mo, S, and N atoms, respectively.
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(a)

(b)

Figure H9. (a) Reaction network for NRR with co-adsorbed H atoms at 2VS@1FeMo50 at UL=0 (low overpotential). Blue arrows show the most favorable steps. Solid
and dashed arrows show faradaic and non-faradaic steps, respectively. Grey arrows
show steps with higher free-energy-change (∆G). Values of ∆G (in eV) are indicated for
each reaction step. (b) Free-energy diagram of *H and *N2 formation on the 2VS@1FeMo50 site at UL=0, -0.67 and -1.14 V (vs RHE). Non-faradaic and faradaic reaction
steps are connected by dashed and solid lines, respectively. The panel on the right shows
the optimized structures of the adsorbed H atom (*H) and N2 molecule (*N2) on
2VS@1Fe-Mo50. Gold, red, violet-grey, yellow, and silver spheres represent the Fe, H,
Mo, S and N atoms, respectively.
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Figure H10. Top view of the 2VS@1Fe-Mo50 site with various NRR intermediates
from the reaction pathway in Figure H9. Gold, red, violet-grey, yellow, and silver
spheres represent the Fe, H, Mo, S, and N atoms, respectively.
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